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Sulphur ba lance  s tu d ie s  in  S .E. S co t lan d  and 
W. Sco t land  showed no r y e g r a s s  y i e l d  response  to  added 
sulphur. However added sulphur improved the n u t r i t i o n a l  
q u a l i t y  o f  the herbage a t  a l l  s i t e s .  The sulphur 
s u f f i c i e n c y  o f  the S .E. Scot land  s i t e s  was due to 
s i g n i f i c a n t  c o n t r ib u t i o n s  o f  s o i l  sulphur ( a p p r o x im a te ly  
1 7 kgS/ha/growing season in  B e rw ic k s h i r e  and 8 kgS/ha/ 
g row ing  season in  M id l o t h i a n ) .  Added sulphur d id  not 
in c rease  c o n c e n t r a t i o n s  o f  K j e l d a h l  n i t r o g e n  o r  have any 
e f f e c t  on n i t r a t e  c o n c en t ra t io n s  in  herbage .  Sulphur,  
a p p l i e d  in  the s p r in g ,  was l o s t  from the t o p s o i l  by the 
f o l l o w i n g  s p r in g .  A l though  no y i e l d  responses  were 
ob ta ined  in  the f i e l d ,  the same S.E. Sco t land  s o i l s  
e x h ib i t e d  r y e g r a s s  y i e l d  responses  to added sulphur in  po t  
exper iments (up to  36 p e rcen t  y i e l d  in c rea se s  were 
o b t a in e d ) .  Other S c o t t i s h  s o i l s  a l s o  showed marked 
r y e g r a s s  y i e l d  in c r e a s e s  to added sulphur.  Pot 
exper iments  showed that  the b es t  in d i c a t o r s  o f  p la n t  
sulphur s ta tus  were the  e x t r a c t a b l e  p la n t  su lphate  
expressed  as a p e r cen tag e  o f  the t o t a l  sulphur ana the  
p la n t  e x t r a c t a b l e  s u lp h a te .  C r i t i c a l  l e v e l s  were 
30 p e rcen t  and 600 ^jugS/gD.M. r e s p e c t i v e l y .  T o t a l  p l a n t  
sulphur proved to be a poor i n d i c a t i o n  o f  p la n t  sulphur 
s t a tu s .  Only when p la n t  e x t r a c t a b l e  su lphate  f e l l  to 
be low 50 ^ugS/gD.M. was the re  a s i g n i f i c a n t  in c r e a s e  in  
herbage n i t r a t e  l e v e l s .
In cu b a t ion  s tu d ie s  showed th a t  a i r  d r ied  s o i l s  
e x h ib i t e d  an i n i t i a l  f l u s h  o f  m in e r a l i s e d  su lphur .  Added 
g lu co se - c a rb o n  c o n s i s t e n t l y  reduced the amounts o f  sulphur 
m in e ra l i s e d  and even caused im m o b i l i s a t i o n  in  the  Whitsome 
s o i l .  F i v e  s o i l s  showed in c r e a s e d  net  sulphur 
m in e r a l i s a t i o n  w i th  in c rease  o f  temperature  in the range 
5°C-30°C. T o t a l  s o i l  sulphur and e x t r a c t a b l e  s o i l  
su lphur c o r r e l a t e d  w i th  net sulphur m in e r a l i s a t i o n  (a s  
measured by in c u b a t i o n ) .  S o i l  carbon: sulphur r a t i o s
did not c o r r e l a t e  w i th  sulphur m in e r a l i s a t i o n .  Sulphur-35 
exper iments  showed tha t  net sulphur m i n e r a l i s a t i o n  was 
u n re la ted  to  g ro s s  sulphur m i n e r a l i s a t i o n  ( w h i l s t  added 
g lu co se - c a rb o n  in c reased  sulphur tu rn o v e r ,  net  
m in e r a l i s a t i o n  d e c r e a s e d ) .  The m a j o r i t y  o f  the 
in co rp o ra ted  sulphur-35 was r e c o v e r e d  from the H I-  
r e d u c ib l e  sulphur^ which showed the more t r a n s fo rm a t io n a l  
a c t i v i t y .  The r e c e n t l y  in co rp o ra ted  sulphur was shown to  
be more l a b i l e  than the ind igenous  s o i l  su lphur .  Th is  
r e c e n t l y  in c o rp o ra t e d  sulphur was v e r y  su scep tab le  to  
breakdown to su lphate  on a i r - d r y i n g  o f  the s o i l .  A g e l  
permeat ion  technique  was d eve lop ed  capab le  o f  
f r a c t i o n a t i n g  e x t r a c t e d  s o i l  o r ga n ic  sulphur on a b a s is  o f  
m o lecu la r  w e i g h t .  Organic  sulphur compounds ~7 200,000 
m o lecu la r  w e igh t  c o n s i s t e n t l y  conta ined  a l a r g e  
p r o p o r t i o n  o f  H I - r e d u c ib l e  su lphur.  R e c e n t l y  
in co rpo ra ted  su lphur -35  was found in  o rgan ic  m o lecu les  o f  
a l l  m o lecu la r  we igh ts  w i th in  the range 1 0 , 000-1 0 ^.
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1 . IN TRODUCTION
Sulphur has long  been known ( s in c e  the t ime o f  
L i e b i g )  to be an e s s e n t i a l  e lement  r e q u i r e d  by p la n ts  and 
animals f o r  normal growth. Indeed sulphur i s  p a r t  o f  the 
cyst-e lne and m eth ion ine  m o le c u le s ,  both o f  which a re  amino 
a c id s  e s s e n t i a l  in  the make up o f  p r o t e in s .  E a r l i e r  work 
in  the f i e l d  o f  s o i l  sulphur s tu d ie s  may have been 
prompted s o l e l y  by academic i n t e r e s t s ,  but o ve r  the l a s t  
twenty y e a rs  in c r e a s in g  numbers o f  sulphur d e f i c i e n t  a reas  
have been r e p o r t e d  and th i s  has n e c e s s i t a t e d  a g r e a t e r  
understanding o f  the s o i l  su lphur c y c l e .  Sulphur 
d e f i c i e n t  a reas  can occur in  a l l  p a r t s  o f  the  w o r ld ,  f o r  
example; Spa in ,  Prance and Germany in  Europe, Norway and 
Sweden in  S c a n d in a v ia , many a reas  o f  A f r i c a ,  s o u th - e a s t e rn  
U .S .A . ,  l a r g e  a reas  in New Zealand and A u s t r a l i a  and 
Canada (Coleman, 1 966).  Many o th e r  a reas  o f  sulphur 
d e f i c i e n c y  or  m arg in a l  s u f f i c i e n c y  undoubted ly  e x i s t  but,  
as y e t ,  have not been i d e n t i f i e d .  W h i l s t  i t  was 
p r e v i o u s l y  supposed that  B r i t a i n ,  w i th  i t s  dense 
i n d u s t r i a l i s a t i o n  would be immune to sulphur d e f i c i e n c y  i t  
has been shown r e c e n t l y  (Cow l ing  and Jones ,  1 970; Jones 
e t  a l . ,  1 972; McLaren, 1 975; W i l l i a m s ,  1 975; S c o t t ,
1979 and S c o t t  and Munro, 197?) tha t  some areas  o f  B r i t a i n  
have a t  b e s t ,  on ly  m arg ina l  sulphur s u f f i c i e n c y .  A ls o  
herbage c o n ta in in g  i n s u f f i c i e n t  su lphur,  cou ld  a d v e r s e l y  
a f f e c t  animal n u t r i t i o n  (McLaren, 1976 ) .
1
Such m arg in a l  s u f f i c i e n c i e s  were demonstrated  by 
exper iments c a r r i e d  out in  f i l t e r e d  a i r  chambers ( thus 
e l im in a t in g  atmospheric inputs  o f  su lphur)  where y i e l d  
responses to  added sulphur were ob ta ined  f o r  most s o i l s  o f  
w idespread l o c a t i o n  in  England and Wales (C ow l ing  and 
Jones,  1970 ) .  These responses  shown by p e r e n n ia l  r y e g r a s  
to added sulphur were p a r t i c u l a r l y  s i g n i f i c a n t  when h igh  
n i t r o g e n  d r e s s in g s  were a p p l i e d .  T h e r e fo r e  the sulphur 
d e r i v e d  from the s o i l  r e s e r v o i r  a l o n e ,  i s  inadequate  f o r  
maximum y i e l d s  o f  h igh  y i e l d i n g  p e r e n n ia l  r y e g r a s s  
( e x t r a p o l a t i o n  to cove r  o th e r  crops would be r e a s o n a b l e ) .  
Jones e_t a l . ,  (1 972) found g e o g r a p h i c a l  t rends  in  the s o i l  
sulphur s ta tus  o f  B r i t i s h  s o i l s  w i th  the c a lc a r e o u s ,  dry ,  
s o i l s  o f  e a s t e rn  B r i t a i n  c o n ta in in g  l e s s  o rg a n ic  sulphur 
than t h e i r  w es te rn  c o u n te rp a r t s .  A lso  because they  a ls o  
con ta ined  l e s s  f r e e  i r o n  o x id e s  and had h ig h e r  pH v a lu e s ,  
l e s s  adsorbed su lphate  was d e t e c t e d .  Th is  i s  in  d i r e c t  
comparison w i th  the s o i l s  o f  the western  a reas  which 
conta ined  more o r ga n ic  and adsorbed su lphur.  Prom these  
o b s e r v a t i o n s ,  Jones e t  _al. , (1 972) concluded th a t  
f e r t i l i s e r  and a tmospher ic  sulphur a d d i t i o n s  were o f  
w idespread importance ,  p a r t i c u l a r l y  w i th  rega rd  to the 
s o i l s  o f  e a s t e rn  England. Indeed many a reas  o f  the  U.K. 
a re  p robab ly  a lmost  t o t a l l y  r e l i a n t  on atmospher ic  sulphur 
a d d i t i o n s  to  ensure th a t  s u f f i c i e n t  sulphur is  made 
a v a i l a b l e  to the g row ing  p l a n t .  A sulphur survey  o f  
s o u th -eas te rn  Sco t land  (McLaren, 1975)»  r e v e a l e d  th a t  many 
s o i l s  conta ined  l e s s  than -] 2 o f  e x t r a c t a b l e  sulphur -
l e v e l  which in d i c a t e d  th a t  y i e l d  responses to added sulphur 
might be ob ta in ed .  A l s o  p la n t  sulphur con ten ts  were low ,  
s u gg es t in g  th a t  on ly  m arg in a l  l e v e l s  o f  su lphur were 
a v a i l a b l e .  S c o t t  (1 97S) a l s o  worked w i th  S c o t t i s h  s o i l s  
and found oat  y i e l d  responses  to added sulphur where 
r a i n f a l l  sulphur was exc luded  from the p o t s .  A survey  o f  
no r th -w es t  Pembrokeshire  showed th a t  1 k% o f  the herbage 
sampled was sulphur d e f i c i e n t  (W i l l i a m s ,  1 975)> and a 
p o s i t i v e  c o r r e l a t i o n  between herbage sulphur c on ten t ,  and 
s o i l  o rgan ic  m atte r  conten t  was o b ta in ed ,  i n d i c a t i n g  tha t  
s o i l  o r ga n ic  matter  might be a s i g n i f i c a n t  source o f  
a v a i l a b l e  sulphur.  The importance o f  t h i s  source  is  
g r e a t e r  where atmospheric and f e r t i l i s e r  inpu ts  a re  low .
The r e s u l t s  o f  po t  t r i a l s  and f i e l d  surveys  in d i c a t e '  tha t  
the s ta tem en t ,  "where r a in  su p p l i e s  -] 2 kgS/ha/yr sulphur 
d e f i c i e n c y  i s  u n l i k e l y "  (Cooke 1975) das become o u t -d a t e d .
A lthough the s i g n i f i c a n c e  o f  the inputs o f  su lphur 
from r a in ,  dry  d e p o s i t i o n  and a i r  have been r e p o r t e d  
(Jones e t  a l . , 1 972 and S c o t t ,  1 979) the re  i s  remarkab ly  
l i t t l e  data concern ing  amounts o f  sulphur su p p l ied  to  the 
s o i l  and p la n t  from these s ou rces .  S tevenson  (1 968) has 
c o l l e c t e d  data from 1 959-1 96U which gave c o n c e n t r a t i o n s  o f  
sulphur in r a in - w a t e r  and a i r .  The low es t  c o n c e n t r a t io n s
(1 .U —  2.0 ^ g  S/in^) found were in  c e n t r a l  I r e l a n d ,  and
c e n t r a l  southern  S co t lan d ,  i n d i c a t i n g  that  in land  non­
i n d u s t r i a l  a reas  can be expected  to  r e c e i v e  low a tm ospher ic
inputs .  I t  has been c a l c u la t e d  tha t  c e n t r a l  I r e l a n d
r e c e i v e s  7-9 kgS/ha/yr, whereas c o a s t a l  r e g io n s  r e c e i v e
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20-28 kg/S/ha/yr (Han ley  and T i e r n e y ,  1969 ) f rom r a i n f a l l .  
However, on ly  about 30 p e r c en t  o f  t h i s  sulphur is  
p r e c i p i t a t e d  during the grow ing  season. Some m o n i t o r in g  
o f  r a i n f a l l  sulphur c o n c e n t r a t i o n s  has been c a r r i e d  out 
abroad (Se im e i  a l . , 1969; W alker ,  1 9&9) , the r e s u l t s  
v a r y in g  g r e a t l y  w i th  l o c a t i o n ,  e s p e c i a l l y  w i th  rega rd  to 
p r o x im i t y  to i n d u s t r i a l  s i t e s .  A r u r a l  s i t e  in  M innesota  
r e c e i v e d  5.1+ kgS/ha/yr in  comparison to a m e t r o p o l i t a n  s i t e  
which r e c e i v e d  upwards o f  30 kgS/ha/yr (Se im  e t  a l . , 1969 )»  
S i m i l a r l y  r a in  and snow sulphur c o n c e n t r a t i o n s  in  c e n t r a l  
A lb e r t a  ( n o n - i n d u s t r i a l i s e d )  r a r e l y  exceeded  1 .5 /igS/g 
which i s  the e q u i v a l e n t  to 2.2 —  1+.1+ kgS/ha/yr compared
w i th  the range found in Sweden o f  1 .9 —  1U.7 kgS/ha/yr .
C on cen tra t ion s  o f  sulphur in  the a i r  have been o f t e n  
measured but u s u a l l y  in  l a r g e  urban a r e a s ,  where the 
pr imary aim was p o l l u t i o n  c o n t r o l ,  r a t h e r  than 
measurement o f  a d d i t i o n s  o f  a g r i c u l t u r a l l y  u se fu l  su lphur.  
Stevenson ( 1968 ) has, however,  c o l l e c t e d  data  f rom  d i v e r s e  
l o c a t i o n s  (bo th  r u r a l  and urban a r e a s )  and found tha t  an 
annual trend was always p r e s en t  w i th  lower  c o n c e n t r a t io n s  
dur ing  the summer and h igher  l e v e l s  in  w in t e r .  Th is  was 
p robab ly  due to in creased  use o f  sulphur c o n ta in in g  f u e l s  
during w in t e r .  A ga in  c o n c e n t r a t i o n s  v a r i e d  w i th  l o c a t i o n  
and p r o x im i t y  to in d u s t r y .  The lo w e s t  a e r i a l  
c o n c en t ra t io n s  were found in  c e n t r a l  southern  S co t land  
(5  —> 10 ^gS/m^) and I r e l a n d  (3-1 7 /lgS/irr5) . The h ig h es t
a e r i a l  sulphur c o n c e n t ra t io n s  were found a t  Leeds and 
Rothamste .d (50-60 jugS/m^).
The d i f f i c u l t y  in c o n v e r t in g  a e r i a l  sulphur 
c o n c e n t ra t io n s  in to  amounts o f  sulphur r e c e i v e d  by the 
s o i l / p l a n t  system has been s t r e s s e d  by m e t e o r o l o g i s t s  
(B ro m f ie ld  and W i l l i a m s  197U; Fow ler  and Unsworth, 197/1) .  
For one g i v e n  a e r i a l  su lphur c o n c e n t r a t i o n  the amount o f  
sulphur b e in g  dep os i t ed  depends on the d e p o s i t i o n  v e l o c i t y  
which i s  a fu n c t i o n  o f  the nature o f  the su r fa c e  o f  the 
s ink .  For  example Lockye r  e t  a l . ,  (1 978) noted  tha t  s o i l  
type had no e f f e c t  upon d e p o s i t i o n  v e l o c i t y  a l though  
h igher  s o i l  pW va lu es  in c reased  d e p o s i t i o n  v e l o c i t y .
Fow ler  and Unsworth (1 37k) suggested  th a t  wet su r fa c es  
enhanced dry  d e p o s i t i o n  r a t e s  and B ro m f ie ld  and W i l l ia m s  
( 197/4.) in d i c a t e d  th a t  d e p o s i t i o n  r a t e s  were two o r  th re e  
t imes h ig h e r  onto a crop su r fa c e  as opposed to a bare s o i l  
su r fa c e .  Fow le r  and Unsworth ( 1 37k) c a l c u l a t e d  tha t  
B r i t a i n  r e c e i v e s  2k kgS/ha/yr assuming a d e p o s i t i o n
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v e l o c i t y  o f  3 .6  mm 6 and th a t  the s ink  s u r fa c e  i s  a 
uniform a r a b l e  crop .  However, such a va lu e  i s  o f  l i m i t e d  
use s ince  the a e r i a l  c o n c e n t r a t i o n  o f  sulphur v a r i e s  
g r e a t l y  w i th  l o c a t i o n  and hence inputs o f  a e r i a l  sulphur 
va ry  a c c o r d in g l y .  Dry d e p o s i t i o n  o f  sulphur has a l s o  been 
measured d i r e c t l y  by measuring the t o t a l  sulphur con ten t  o f  
2 g o f  f i n e l y  ground s o i l  b e f o r e  and a f t e r  a th r e e  month 
exposure to the  a i r  ( t h e  exper iment was conducted in s id e  a 
Stevenson s c r e e n ) .  Va lues  ob ta ined  were the e q u i v a l e n t  to  
l 8 d  kgS/ha/yr a t  Saxmundham and 27 .5  kgS/ha/yr a t  
Rothamste d. These d i r e c t l y  measured va lu es  ag ree  
r eason ab ly  w e l l  w i th  the va lu es  ob ta ined  i n d i r e c t l y  us ing
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a e r i a l  concentrations of  sulphur and depos it ion  v e l o c i t i e s .  
C le a r ly  more extensive and lo c a l i s e d  data i s  needed fo r  
B r i t a in  before the dry deposit ion  o f  sulphur fo r  a given  
reg ion  can be conf ident ly  fo recas ted .
Although the p o s s i b i l i t i e s  of sulphur de f ic iency  in  
many areas of the world are  only now being r e a l i s e d  and are  
often only marginal,  current a g r i c u l t u r a l ,  in d u s t r ia l  and 
so c ia l  trends are very  l i k e l y  to worsen the s i tu a t ion .
Thus the increas ing  frequency of sulphur de f ic iency  reports  
stem not only from increas ing  awareness o f  the problem but 
a lso  from changing f e r t i l i s e r  p rac t ic e s  and the d e s i r e  fo r  
a p o l lu t i o n - f r e e  environment. At one time ammonium 
sulphate was a widely  used n itrogen  f e r t i l i s e r  but because 
of assoc iated  s o i l  a c id i t y  problems i t s  use i s  curren t ly  
much l e s s  extensive . A lso ammonium sulphate has been 
rep laced as a source o f  nitrogen by ammonium n i t r a t e  which 
gives a higher n itrogen ana ly s is  and there fo re  cuts down on 
the bulk needed, and so reduces shipping costs.  The 
super-phosphate, o r i g i n a l l y  manufactured by John Lawes in  
1 6 4 0  contained much sulphate as a r e s u l t  o f  the use o f  
sulphuric  acid in i t s  manufacture. These su lphate -  
containing phosphatic f e r t i l i s e r s  have la r g e ly  been 
rep laced by ammonium phosphates and t r i p l e  super-phosphates  
which contain very l i t t l e  sulphur. Another p o ten t ia l  
input into the pool of s o i l  sulphur which has been recent ly  
reduced, arose from the replacement of sulphur used as a 
fung ic ide  with synthetic  organic compounds. The agronomic 
advances made in recent years have g r e a t ly  increased crop
y i e l d s  t h e r e f o r e  more sulphur i s  removed from  the s o i l  in  
the u se fu l  y i e l d .  Th is  g r e a t e r  output o f  su lphur coupled 
w i th  h igher  a p p l i c a t i o n s  o f  sulphur f r e e ,  h igh  a n a l y s i s  
f e r t i l i s e r s  w i l l  widen the C :N :S :  r a t i o s  o f  the s o i l  and 
p la n t .  Thus the n u t r i t i v e  v a lu e  o f  the p la n t  could be 
decreased  and a h igh  C :N :S :  r a t i o  in  the s o i l  could 
e f f e c t i v e l y  reduce su p p l ie s  o f  su lphate  made a v a i l a b l e  by 
m in e r a l i s a t i o n .  Another  p o s s i b l e  c o n t r i b u t o r y  f a c t o r  to 
the in c rea se  in  r e p o r t s  o f  sulphur d e f i c i e n c y  i s  the 
rep lacement  o f  r e l a t i v e l y  h igh  sulphur c on ten t  f u e l s  such 
as wood and c o a l  w ith  n a tu ra l  gas and atom ic  energy  
(Coleman, 1966 ) .  Coleman ( 1966 ) a l s o  noted  tha t  
domestic use o f  coa l  i s  r a p i d l y  d im in ish in g  which reduces 
the even spread o f  a tmospheric  sulphur. Thus sulphur 
d i s t r i b u t i o n  i s  such tha t  some a reas  w i l l  r e c e i v e  l a r g e  
ex cess es ,  w 'h i ls t  o th e r  a reas  a re  l i k e l y  to become 
d e f i c i e n t .  A l l  the above f a c t o r s  c o n t r ib u t e  to more 
f r eq u e n t  r e p o r t s  o f  sulphur d e f i c i e n c y  making an 
understanding o f  the forms o f  s o i l  sulphur and the 
r e l a t i v e  c o n t r ib u t i o n s  o f  a tmospher ic  and s o i l  su lphur to 
p la n t  n u t r i t i o n  o f  c o n s id e r a b le  importance.
The l i t e r a t u r e  r e v i e w  has been w r i t t e n  w i th  p a r t i c u l a r  
r e f e r e n c e  to the  a r a b l e  s o i l s  o f  humid r e g i o n s .  Th is  is  
because i t  is  on these  s o i l s  tha t  d e f i c i e n c i e s  a re  
p r e v a l e n t  and a l s o  where much o f  the w o r ld ' s  f o od  i s  
grown. As a consequence, c o n s id e r a t i o n  o f  the m i c r o b i a l  
r e d u c t i o n  p roce sses  i n v o l v in g  sulphur have been om it t ed  as 
t h e i r  s i g n i f i c a n c e  in a r a b le  s o i l s  i s  v e r y  l i m i t e d  (Swaby
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and F e d e l ,  1 973)• The r e v i e w  a ttempts  to s t r e s s  the 
c y c l i c a l  nature  o f  sulphur in the so i l/ p la n t/ a tm osp h e re  
system and h i g h l i g h t s  the problems o f  r e sea rch  in to  o rg a n ic  
s o i l  sulphur which is  the key to  f i n d i n g  a r e l i a b l e  method 
to eva lu a te  the sulphur s ta tus  o f  s o i l s .
8
2. LITERATURE REVIEW
2 .-1 A n a l y t i c a l  Techniques used f o r  the D e te rm in a t ion
o f  Sulphur
The d iagnoses  o f  sulphur d e f i c i e n c y ,  e s p e c i a l l y  w i th  
regard  to b o r d e r l i n e  ca ses ,  n e c e s s a r i l y  i n v o l v e s  the 
e s t im a t io n  o f  sulphur. Th is  may be the a n a l y s i s  o f  p la n t  
t i s s u e s ,  o f  s o i l  e x t r a c t s ,  or the atmospher ic  inputs  such 
as r a in - w a t e r ,  a i r  and dry  d e p o s i t i o n .  I t  was c l e a r  that  
a v e r y  accu ra te  and s e n s i t i v e  method o f  sulphur 
d e te rm in a t io n  was needed b e f o r e  any p r e d i c t i o n s  r e g a r d in g  
the  sulphur s ta tus  o f  s o i l s  cou ld be made. Th is  i s  
because s o i l s  o f  the humid r e g io n s  f r e q u e n t l y  c o n ta in  
0 —> 1 5 p g/ g  o f  su lph a te -S  e x t r a c t a b l e  by the more
commonly employed r e a g e n t s ,  and the d i f f e r e n c e  between  a 
sulphur s u f f i c i e n t  s o i l  and one which i s  m a r g in a l l y  
d e f i c i e n t  may amount to a d i f f e r e n c e  o f  on ly  3 pg/g o f  
e x t r a c t a b l e  su lph a te -S .  U n fo r tu n a te l y ,  r e s e a r c h  in to  s o i l  
sulphur has been s e v e r e l y  h indered  by the l a c k  o f  a rap id  
and r e l i a b l e  a n a l y t i c a l  techn ique  ( S i n c l a i r ,  1 5 7 3 ) .  Some 
o f  the e a r l i e s t  techniques were f a r  from adequate  as they  
in vo lv ed  a g r a v im e t r i c  p rocedure  in which the  sulphur (as  
su lphate )  was p r e c i p i t a t e d  as barium su lp h a te .  S ince  then,  
however, most new techn iques  have r e l i e d  upon the 
ex t rem e ly  low s o l u b i l i t y  product  o f  barium su lpha te  in  
aqueous s o lu t i o n s .  Methods a v a i l a b l e  in c lu d e  measurement 
o f  s ta b le  barium su lphate  suspensions by nephe lom etry  or 
t u r b id im e t r y , measurement o f  uncombined barium ions a f t e r
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p r e c i p i t a t i o n  o f  barium s u lp h a te ,  using v a r i o u s  
c o l o r i m e t r i c  methods or a tom ic  a b so rp t io n  s p e c t r o p h o t e m e t r y . 
The on ly  r e a l  a l t e r n a t i v e  to the methods u t i l i s i n g  the 
i n s o l u b i l i t y  o f  barium su lphate  i n v o l v e  a l e n g th y  
r e d u c t i o n  to hydrogen su lp h id e .  The su lph ide  can then be 
v e r y  a c c u r a t e l y  es t im a ted  by c o l o r i m e t r i c  or  v o lu m e t r i c  
methods. The advantages  and d isadvan tages  o f  the above 
methods w i l l  be expanded upon i n  t h i s  chap te r  w i th  s p e c i a l  
r e f e r e n c e  to the a n a l y s i s  o f  s o i l  and p la n t  m a t e r i a l .
2 . 1 . 1  Determination o f  sulphur by manual turb id im etr ic  
methods
The tu r b id im e t r i c  method o r i g i n a t e d  in  the  an a ls  o f  
medic ine and was f i r s t  used in  c o n n ec t ion  w i th  s o i l s  by 
Ches in  and Y ien  in  1 950. These workers r e c o g n is e d  the 
i n s e n s i t i v i t y  o f  the g r a v im e t r i c  method f o r  the assessment 
o f  s o i l  sulphur s ta tu s  and be ing  the o n ly  proven  method 
a v a i l a b l e ,  i t  c l e a r l y  had to be m o d i f i e d  and improved.
Th is  they d id  by e x t r a c t i n g  s o i l s  w i th  Morgans s o lu t i o n ,  
adding barium c h lo r id e  c r y s t a l s  o f  a known p a r t i c l e  s i z e  
range ,  s t a b i l i s i n g  the suspension w i th  gum a rab ic  (a 
p r o t e c t i v e  c o l l o i d )  and measuring the t u r b i d i t y  w i th  a 
p h o t o - e l e c t r i c  c o l o r im e t e r .  The method compared w e l l  
w i th  g r a v im e t r i c  r e s u l t s  a l though  they  were a lways 
c o n s i s t e n t l y  low e r  (p r o b a b ly  due to c o - p r e c i p i t a t i o n  o f  
e x t r a c t e d  m a t e r ia l s  w i th  barium su lphate  in  the 
g r a v im e t r i c  method).  The authors c la imed good 
r e p l i c a t i o n  and accuracy  combined w i th  s e n s i t i v i t y .
L a t e r ,  Hesse (1 957) showed that  the method was u n r e l i a b l e
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and gave erroneous r e s u l t s ,  due to the c o l l o i d a l  organic  
matter which is  extracted by Morgans so lu t ion .  Low 
re su l ts  would be obtained in the 0-10 j ig / g  su lphate-S  
range since the organic matter acted as a p rotect ive
c o l l o id .  High r e s u l t s  could be expected when high
sulphate l e v e l s  were incurred due to c o -p r e c ip i t a t io n  o f  
the c o l l o i d a l  organic matter with the barium sulphate  
p a r t i c l e s .  Hesse ( 1 957) there fo re  began looking  f o r  ways
of removing the organic matter instead o f  seeking a more
su itab le  extractant which might have been more pert inent .  
However, c o -p r e c ip i t a t io n  o f  organic matter with f e r r i c  
hydroxide and subsequent removal by f i l t r a t i o n  gave 
increased s e n s i t i v i t y  and more r e l i a b i l i t y  than the 
o r ig in a l  method proposed by Chesin and Yien (1 950).
Hesse ( 1  957) a d d i t io n a l ly  found that ac t iva ted  charcoal  
removed in s u f f i c i e n t  organic mater ia ls  and that removal by 
oxidation  with hydrogen peroxide l i b e r a t e d  organic sulphur  
as su lphates .  In 1 959 (Butters  and Chenery) the 
turb id imetric  method was made more v e r s a t i l e  so that t o ta l  
sulphur in s o i l s  and p lants  could be measured. The s o i l  
and plant samples were ox id ised  by heating to 500°C with  
pure magnesium n it ra te  and digested with  n i t r i c  ac id .
Such a procedure converted organic sulphur to su lphate -  
sulphur which was r e a d i ly  determined by the turb id im etr ic  
method. The same group o f  workers a lso  invest igated  
factors  which a f fected  the r e p ro d u c ib i l i t y  o f  the somewhat 
unre l iab le  method of tu rb id im etry . I t  was found (Butters  
and Chenery, 1959) that the s ize  o f  barium ch lor ide
1 1
c r y s t a l s  used, s ta n d in g  t ime o f  the suspens ion  and the
3+ 3+presence of the i n t e r f e r in g  ca t ions ,  Fe"  ̂ and Mn^ , a l l
a f fe c ted  the op t ic a l  p ropert ies  of  the suspension. Thus
i t  became c l e a r  tha t  i f  in depen den t ly  ob ta in ed  r e s u l t s
could be u se fu l ly  compared^meticulous s tandard isa t ion  of
techn iques  must be ensured. Another  f a u l t  w i th  the
method a t  that t ime was tha t  Morgans e x t r a c t ,  b e in g  o f  a
Lowj pH, g r e a t l y  o v e r e s t im a ted  amounts o f  a v a i l a b l e  s o i l
sulphur ( s e e  chapter  on assessment o f  s o i l  sulphur s t a t u s ) .
T h e re fo r e  u n t i l  the t u r b id im e t r i c  method cou ld  be made
more s e n s i t i v e ,  m i ld e r  e x t r a c t a n t s  cou ld  not  be used.
The n ecessary  re f in em en t  was made by Massoumi and
C o r n f i e l d  (-1963) and good s e n s i t i v i t y  o ve r  the 2-10
SO^"-S was o b ta in ed .  Th is  in c reased  s e n s i t i v i t y  was
ach ieved  by the i n c o r p o r a t i o n  o f  a v e r y  d i l u t e  seed
suspension o f  barium s u lp h a te .  These workers  a l s o  found
that  p u r i f i e d  animal c h a rco a l  was a c c e p ta b le  f o r
d e c o l o u r i s in g  and removing s o lu b le  and c o l l o i d a l  o r g a n ic
m o lecu les  which i n t e r f e r e d  w i th  the d e t e r m in a t i o n .  Even
w i th  these  r e f in e m e n ts ,  most workers employed the
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re d u c t i o n  method o f  Johnson and N i s i t a ,  ( 1 952) as
A
e r r a t i c  r e s u l t s  Y/ere o f t e n  obta ined  from  t u r b id im e t r y  
( G a r r id o , 1 S6L\.) »
2.1 .2 D e te rm ina t ion  o f  sulphur by automated t u r b id im e t r i c  
methods
A complete examinat ion  o f  the t u r b id im e t r i c  techn ique  
was made (G-arrido, 1 9^U) and a new p r o t e c t i v e  c o l l o i d ,
Tween 80 (a  su r fa c e  a c t i v e  substance )  was used w i th
1 2
success .  The g r e a t e s t  advance in  the development o f  the 
tu r b i d im e t r i c  method was p robab ly  the adven t  o f  automated 
a n a l y s i s .  The in t e n t i o n  was to  make the a n a l y s i s  more 
rap id  and con ven ien t ,  but because exac t  r e a c t i o n  
c o n d i t i o n s  could be e a s i l y  d u p l i c a t e d  the  e r r a t i c  nature  
o f  the method was l a r g e l y  overcome. M ottershead  (1 971 ) > 
was the f i r s t  to automate the technique  but he d id  not 
c r i t i c a l l y  t e s t  the method a t  the low c o n c e n t r a t i o n  l e v e l s  
in vo lv ed  in  s o i l  sulphur s ta tu s  assessment .  However, i t  
was suggested  that  cont inuous pumping o f  a d d i t i o n a l  
su lpha te -su lphur  v/ould ensure tha t  the barium su lpha te  
s o l u b i l i t y  product  was exceeded where low  sample su lpha te  
l e v e l s  were found. S e v e r a l  workers (M o t te rsh ead ,  1 971 ; 
Basson and Bo hrner, 1972) in cu rred  problems a s s o c ia t e d  
w i th  the adherence o f  barium su lphate  to s o l i d  su r fa c e s  
(G ibson ,  B a i l e y ,  Pu rk er t  and G i l t r a p ,  1 91±) . Th is  caused 
a d r i f t i n g  o f  the  b a s e l in e  over  r e l a t i v e l y  shor t  p e r iod s  
o f  o p e r a t i o n  due to  c o a t in g  o f  the photometer  c e l l .  Th is  
c o a t in g  was p e r i o d i c a l l y  removed by s o lu t i o n  in  a l k a l i n e  
E .D .T .A .  Some workers employed a nephe lom eter  in  
p r e f e r e n c e  to  a c o l o r im e t e r  to  measure the t u r b i d i t y  o f  
the barium su lphate  suspension (B e t ta n y  and H a ls t e a d ,
1 972; Basson and Bo hmer, 1 972 ) .  Th is  techn ique  
measures the  amount o f  l i g h t  s c a t t e r i n g  r a th e r  than the 
amount o f  l i g h t  t ran sm it tance  measured by a c o l o r im e t e r .  
Bettany and H a ls tead  (1972) c la im ed tha t  t h e i r  automat ic  
nephelometry method measured 0.25  pqLl su lphur w i th  good 
r e c o v e r i e s  o f  standard a d d i t i o n s  o f  0 . 2 5 , 0 .5  and 0 .75
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su lphur.  In  t h i s  method p o l y v i n y l  a l c o h o l  was used to  
s t a b i l i s e  the suspension  a f t e r  o r ga n ic  m atte r  was removed 
by sodium perox id e  t rea tm en t .
More r e c e n t  work (Basson and Boehmer, 1 972;
S i n c l a i r ,  1973) has m ost ly  cured the e a r l i e r  problems o f  
c o a t in g ,  sample ca rry  o ve r  and background n o i s e .  P low  
ra t e s  o f  reagen ts  were increased  to ensure c o m p le te ly  
homogenous suspensions and to  e l im in a t e  c o a t in g  w h i le  
lon g e r  wash times w i th  a double probe system p reven ted  
sample c a r r y  o ve r .  R e c e n t l y ,  (Ogner and Haugen, 1977) a 
s imple  d i a l y s e r  has been in co rp o ra ted  in to  the automated 
system to e l im in a te  the need f o r  p r i o r  sample t rea tm ents  
aimed a t  removing e x t r a c t e d  o rgan ic  m a t t e r .  However, 
w h i l s t  an e f f i c i e n t  removal  o f  c a rb o n -c o n ta in in g  compounds 
was a c h ie v e d ,  some l o s s  o f  su lphate  exc luded  i t s  use in  
the 0-10 jjjjW S0*-S range .  In  c o n c lu s ion ,  the workers 
re p o r t e d  tha t  the method was more r e l i a b l e  than the 
t u r b id im e t r i e  method a f t e r  a co lou r  c o r r e c t i o n .  Th is  
o b s e r v a t i o n  did not encourage the use o f  the d i a l y s e r  
s ince  a c o lou r  c o r r e c t i o n  cannot account f o r  the 
i n t e r f e r e n c e  caused by c o l l o i d a l  o r g a n ic  m a t te r  (H esse ,  
1957; Massoumi and C o r n f i e l d ,  1963 ) .  R e c e n t l y ,  
continuous f l o w  i n j e c t i o n  tu r b id im e t r y  has been deve lop ed  
which a l l o w s  the v e r y  f a s t  r a t e  o f  a n a l y s i s  o f  180 samples 
per hour (Krug e t  a l . , 1977 ) .
2*1 *3 D e te rm ina t ion  o f  sulphur by r e d u c t i o n  to  hydrogen 
s u lp h ia e .
While the t u r b id im e t r i c  method was s t i l l  in  i t s  
in fancy  the e r r a t i c  r e s u l t s  ob ta ined  r a r e l y  encouraged
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con f id ence  and not u n t i l  Johnson and N i s h i t a  ( i  952) 
pub l ished  t h e i r  r e d u c t i o n  method, was th e r e  a s u i t a b l e  
a l t e r n a t i v e .  The method measured 0 .5 -300  p.gS/g w i th  good 
p r e c i s i o n .  Un l ike  the t u r b id im e t r i c  method, which
'XT~
measures on ly  SO^-S the r e d u c t i o n  techn ique  in c lu d es  a l l  
sulphur compounds which a re  reduced to hydrogen su lph ide  
by a m ix tu re  o f  h y d r io d i c  a c id ,  f o rm ic  a c id  and red 
phosphor us. I t  was p rob a b ly  due to the accuracy  o f  t h i s  
method tha t  H l - r e d u c ib l e  sulphur was so unanimously 
accep ted  as a s o i l  o r g a n ic  sulphur f r a c t i o n .  The 
hydrogen su lph ide  e vo lv ed  on r e d u c t i o n  was adsorbed and 
measured c o l o r i m e t r i c a l l y  a f t e r  com plex ing  w i th  m ethy lene  
b lu e .  The method g i v e s  a f i n a l  va lue  which in c lu des  
s u lp h a te ,  su lph ide ,  s u l p h i t e ,  th io s u lp h a te  and most 
o rgan ic  compounds where the sulphur i s  not d i r e c t l y  bonded 
to the carbon atom (B i rd  and Foun ta in ,  1 970 ) .  Johnson 
and N i s h i t a  ( 1952 ) showed that  added c y s t i n e ,  c y s t e in e ,  
t a u r in e  and meth ion ine  were s t a b l e  to the r e d u c t i o n  
p rocedure .  The e x p o s i t i o n  o f  such an a ccu ra te  and 
s e n s i t i v e  method was a b i g  advancement in  p r e d i c t i n g  
p o t e n t i a l l y  sulphur d e f i c i e n t  a reas .  The method a l s o  had 
the advantage o f  not s u f f e r i n g  from i n t e r f e r i n g  io n s ,  but 
l e n g th  o f  d e te rm in a t io n  was the b i g g e s t  problem which i s  
why workers have r e c e n t l y  favoured  the automated 
t u r b id im e t r i c  method. The r e d u c t io n  method i s  v e r s a t i l e  
and can be used f o r  p la n t  a n a l y s i s  when the d e t e r m in a t i o n  
o f  t o t a l  sulphur i s  r e q u i r e d  ( p r e l im in a r y  a sh in g ,  wet 
ash ing  o r  chemical o x i d a t i o n  i s  n e e d e d ) . The need to  
prepare  p la n t  m a te r ia l  so th a t  a l l  the sulphur p r e s en t  i s
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r e d u c ib l e  has caused some problems (S t e in b e r g s  e t  al_.
B ird  and Founta in ,  1970 ) .  S ince  ash ing cou ld  r e s u l t  in  
the l o s s  o f  some o f  the more v o l a t i l e  sulphur compounds, 
the method o f  S te in b e r g s  e_t a l .  , ( 1962 ) was most
f r e q u e n t l y  employed. Th is  method can be used to  o b ta in  
va lu es  o f  t o t a l  sulphur f o r  both s o i l s  and p l a n t s ,  and 
e n t a i l e d  an o x i d a t i o n  a t  550°C w i th  sodium hydrogen 
carbonate and s i l v e r  o x id e .
The r e d u c t ion  method proposed by Johnson and N i s h i t a  
( 1952 ) was s t i l l  b e in g  used a l though  some m o d i f i c a t i o n s ,  
aimed a t  reduc ing  the t ime needed to p er fo rm  the 
r e d u c t io n ,  have been made. For in s tan ce  A rcher  ( l 9 5 ^ )  
in troduced  a t i t r i m e t r i c  f i n i s h  a f t e r  a d s o r p t i o n  o f  
hydrogen su lph ide  in  N sodium h yd ro x id e .  Th is  r e a g e n t  
showed g r e a t  a f f i n i t y  f o r  hydrogen s u lp h id e ,  and the gas 
cou ld  be f lu shed  out o f  the r e a c t i o n  v e s s e l  much f a s t e r  
w ithout  f e a r  o f  l o s s  a r i s i n g  from incom p le te  a b s o r p t i o n .  
The su lph ide  s o lu t i o n  i s  t i t r a t e d  w i th  Hg ( i l )  ions u n t i l  
a l l  the  su lph ide  i s  p r e c i p i t a t e d  and a red  d i t h i o n a t e  
f o rm a t io n  in d i c a t e s  complete  p r e c i p i t a t i o n .  Th is  
m o d i f i c a t i o n  reduced the s e n s i t i v i t y  o f  the method so tha t  
on ly  samples above 20 ^igS/g cou ld  be measured a c c u r a t e l y .  
Another  c o l o r i m e t r i c  f i n i s h  in v o l v e d  the f o rm a t io n  o f  
bismuth su lph ide ,  a c o l l o i d  s t a b i l i s e d  w ith  g e l a t i n ,  but 
a ga in  a l though  r a p i d i t y  i s  in c reased  a s i x - f o l d  l o s s  in  
s e n s i t i v i t y  was in cu rred  (Dean, 1966 ) .
2.1 .U De te rm inat i on  o f  sulphur us ing  Barium-133.
A new method o f f e r i n g  g r e a t  p o t e n t i a l  s e n s i t i v i t y  has 
been pu b l ish ed  by Kao e t  a l .  , (1 971 ) in  which su lphate  was 
measured as the 1 '^BaSO. p r e c i p i t a t e .  The method was 
s p e c i f i c a l l y  des igned f o r  the 0-1 0 ^ gS / g  range where 
e x i s t i n g  techn iques  were o f t e n  inadequa te .  Barium-133 i s  
a u s e fu l  r a d i o - i s o t o p e  as i t  has a lo n g  h a l f - l i f e  and 
e n e r g e t i c  gamma r a d i a t i o n  em iss ion .  The s o i l  e x t r a c t a n t  
employed was 5mM C a C ^ .  A f t e r  p a ss in g  the e x t r a c t a n t  
through a c a t i o n  exchanger an a l i q u o t  was p la c ed  on an
aluminium d is h  and d r i e d  f o l l o w i n g  the a d d i t i o n  o f
 ̂ 133
barium c h l o r i d e .  S ince  the barium su lpha te  adhered
j\ 7 -z.
s t r o n g l y  to  the d ish ,  washing to remove ex cess  ^barium 
c h lo r id e  was a s imple  p r o c e s s .  A l i q u i d  s c i n t i l l a t i o n  
counter enabled the d e t e c t i o n  o f  1 jdgS/g and sulphur 
standards gave a s t r a i g h t  l i n e  r e l a t i o n s h i p  between amount 
o f  sulphur and count r a t e .  Th is  method appeared to o f f e r  
the r e s e a rc h  worker a u s e fu l  new techn ique  w i th  much 
p o t e n t i a l  and v e r s a t i l i t y .
2 .1 .5  D e te rm ina t ion  o f  sulphur by methods i n v o l v i n g  the 
e s t im a t io n  o f  uncombined Ba^+ i o n s .
Other automated methods f o r  su lphate  d e t e r m in a t i o n  a r e  
a v a i l a b l e  (P e rsson ,  1 9 6 6 ; McSwain and Watrous, 1 97U) which 
r e l y  on the  fo rm a t io n  o f  a co lou red  complex w i th  barium 
ions .  A known c o n c e n t r a t i o n  o f  a s o lu b le  barium s a l t  i s  
added to the  sample and the  barium not  used up in  the 
barium su lphate  p r e c i p i t a t i o n  i s  determ ined  c o l o r i m e t r i c a l l y .
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Persson  (1 966) recommended the use o f  T h o r in ,  1 -  
(o -arsonophenyla  z c } -2 -n a p th o l -3 , 6 d isu lp h o n ic  a c id  where an 
orange co lou r  is  formed in  an o rga n ic  medium o f  
i s op rop an o l .  Another  a l t e r n a t i v e  is  the use o f  
methylthymol b lue  (McSwain and Watr&us , 1 97U) which i s  
s u f f i c i e n t l y  s e n s i t i v e  f o r  use in  the 0-1 0 yigS/g range»  
W h i l s t  both methods r e a d i l y  lend  themse lves  to 
automated a n a l y s i s  t h e i r  v e r s a t i l i t y  was v e r y  r e s t r i c t e d .  
Most ca t ion s  i n t e r f e r e d ,  as d id  phosphate and c h l o r i d e ,  
making p a in s ta k in g  sample p r e p a r a t i o n  n ecessa ry  when p la n t  
and s o i l  samples were be ing  a n a ly s ed .  However, the 
e x c e l l e n t  s e n s i t i v i t y  o f  t h i s  group o f  methods enabled 
" r e l a t i v e l y  c l e a n "  samples, such as f r e s h  w a te r  and r a i n ­
w a te r ,  to be v e r y  a c c u ra t e l y  a n a ly sed .
2 .1 .6  D ete rm in a t ion  o f  sulphur by X - ray  f l u o r e s c e n c e  
spec t rom etry  ( X . R . F . )
X - ray  f lu o r e s c e n c e  sp ec t rom e try  has r e c e n t l y  been 
deve loped  f o r  the e s t im a t io n  o f  l i g h t  e lements in  p la n t  
m a t e r i a l .  The method has the  advantages o f  be ing  non­
d e s t r u c t i v e ,  p o t e n t i a l l y  v e r y  s e n s i t i v e  and v e r s a t i l e  as 
w e l l  as be ing  a lmost e n t i r e l y  f r e e  from i n t e r f e r e n c e s .  
Since the method i s  s p e c i f i c  f o r  sulphur atoms the r e s u l t  
obta ined  i s  n e c e s s a r i l y  a t o t a l  sulphur v a lu e .  R ober ts  
and K oeh le r  ( 1 968) made use o f  XRF f o r  measuring sulphur 
in  s o i l  e x t r a c t s .  A f t e r  an e x t r a c t i o n  w i th  magnesium
c h lo r id e  and a m a tr ix  ad justment  to d ec rease  X - ray  
ad so rp t io n  the s o i l  e x t r a c t  was evapora ted  onto a Mylar 
f i l m  and i r r a d i a t e d .  Counts were found to be d i r e c t l y
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p r o p o r t i o n a l  to the  sulphur p r e s en t  and s t r a i g h t  l i n e  
c a l i b r a t i o n  curves  were o b ta in ed .  Good accu racy  and 
s e n s i t i v i t y  w i th  s o i l  samples c o n ta in in g  between 0 .5  and 
11+ j jgS/g  was r e p o r t e d .  Gibson e t  a l .  , (1 97U) 
concen tra ted  the su lphate  p r esen t  in  a monocalcium 
phosphate e x t r a c t  by pass ing  the e x t r a c t  through an a n ion -  
exchange paper and subsequen t ly  i r r a d i a t i n g  the paper .  
However,  the su lpha te  ions d id  not c o m p le te ly  p e n e t r a t e  
the  exchange paper and t h e r e f o r e  a non-uniform 
d i s t r i b u t i o n  o f  sulphur might be p resen ted  to the  X - ra y s .  
Indeed the v/orkers found on ly  weak agreement w i th  chemica l  
methods and d id  not t e s t  the method below 10 ^ g S / g .  Thus 
i t  can be seen th a t  the g r e a t e s t  problem o f  XRF techn iques  
concerns sample p r e p a r a t i o n .  Th is  p r e p a r a t i o n  was 
s i m p l i f i e d  where s o l i d s  were concerned as the  method o f  
Evans ( 1 970) i l l u s t r a t e d .  An equa l  q u a n t i t y  o f  p l a n t  
m a t e r i a l  and c e l l u l o s e  was f i n e l y  ground, r ed u c in g  
p a r t i c l e  s i z e  e f f e c t s ,  and compressed in to  a homogenous 
p e l l e t  s u i t a b l e  f o r  i r r a d i a t i o n .  Many p la n t  s p e c i e s  were 
ana lysed  and in  each case no c o r r e c t i o n  f o r  m a t r ix  or  
in t e r - e l e m e n t  e f f e c t s  were needed. B e rgse th  and 
K r i s t i a n s e n  (1 978) compared the X - ra y  f lu o r e s c e n c e  method 
f o r  d e te rm in ing  sulphur in  s o i l s  w i th  an i n d i r e c t  a tom ic  
a d s o rp t i o n  method and a n eph e lom etr ic  method.
S a t i s f a c t o r y  agreement between the  X -ray  and chemical  
methods was o o ta in e d  when the s o i l  p e l l e t s  were p reoa red  
in  wax (n ecessa ry  t o  p re v en t  uptake o f  gaseous sulphur 
from the vacuum o i l ) .  XRF appears to be a most v a lu a b l e
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too l  f o r  the estimation o f  t o ta l  sulphur in s o i l  ( s o l i d  
samples) and plant m ater ia l  hut unt i l  a quick* e f f i c i e n t  
sample preparat ion method is  developed f o r  use with s o i l  
extracts ,  chemical methods probably remain p r e f e r a b le .
Several other methods o f  sulphate a n a ly s i s  are
a v a i l a b l e  as re v iew ed  by L i t t l e  ( 1 953) such as
p re c ip i t a t io n  of benzidine sulphate and the use o f
interna l  ind icators  such as rhodizonic ac id .  Stephen
( i 970) d eve loped  a reagen t  e x t r em e ly  s e n s i t i v e  to
2_
su lphate ,  c la im in g  0.05 /igSO^ -S/g could be measured, 
however, the numerous i n t e r f e r i n g  ions p r e c lu d e  i t s  use 
w i th  p la n t  and s o i l  samples.
To summarise; u s e fu l  a n a l y t i c a l  te chn iqu es  f o r  
sulphur d e te rm in a t io n  in  s o i l s  and p la n ts  a re  l i m i t e d  to  
t u r b i d i m e t r i c , H I - r e d u c t i o n  and XRF methods. Automated 
tu rb id im e t ry  o f f e r s  v e r s a t i l i t y ,  s e n s i t i v i t y  o ve r  low  
sulphur concen trâ t  i o n s , l i t t l e  i n t e r f e r e n c e  and r a p i d i t y  
and t h e r e f o r e  i s  perhaps the most u s e fu l  method o v e r a l l .  
H yd r iod ic  a c id - r e d u c t i o n  has the one major d isadvan tage  o f  
b e in g  slow and a l s o  measures a somewhat i l l - d e f i n e d  c l a s s  
o f  sulphur compounds (u n le ss  a thorough p r e - t r e a tm e n t  i s  
p e r f o r m e d ) . X - ray  f lu o r e s c e n c e  i s  a qu ick  a c c u ra t e  
method when a p p l i e d  to s o l i d  samples and is  u s e fu l  in  tha t  
t o t a l  sulphur i s  measured ( a l l  o th e r  methods e n t a i l  
l en g th y  sample p r e - t r e a tm e n ts  b e f o r e  a t o t a l  v a lu e  can be 
obta ined) 0
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2 o 2 The Nature o f  S o i l  Organic Sulphur
I t  i s  g e n e r a l l y  known th a t  most s o i l  su lphur occurs 
in  o rg a n ic  com binat ion  but knowledge o f  these  compounds i s  
v e r y  l i m i t e d .  This l a c k  o f  knowledge o r i g i n a t e s  from a 
f a i l u r e  to d ev e lop  an e x t r a c t i o n  procedure  which 
l i b e r a t e s  sulphur compounds from o th e r  s o i l  c o n s t i tu e n t s  
in  an u n a l t e r ed  form. I t  i s  a l s o  one reason  why the 
g e n e r a l  advancement o f  knowledge o f  s o i l  o r g a n ic  m atte r  
has been h indered .  The e x t e n t  o f  t h i s  problem was f u l l y  
r e a l i s e d  by V/hitehead (1 9&0 ) , who s e t  out to  i d e n t i f y  the 
forms o f  o rgan ic  sulphur in  s o i l s ,  but in s tea d  wrote  a 
t h e s i s  on methods o f  s o i l  sulphur e x t r a c t i o n ,  none o f  
which p roved  to be e n t i r e l y  s u c c e s s fu l !  However, t h i s  
work did make s e v e r a l  u s e fu l  p o in t s  r e g a r d in g  s o i l  o r g a n ic  
sulphur.  F i r s t l y ,  Whitehead (-] 960) e l im in a t e d  the l i p i d  
f r a c t i o n  ( e x t r a c t a b l e  in  e t h e r )  as a p o t e n t i a l  source o f  
sulphur as l e s s  than 0.1 p e r cen t  o f  the t o t a l  o r g a n ic  
sulphur was d e t e c t e d  h e re .  Second ly ,  the amounts o f  
sulphur o c c u r r in g  as the amino a c id s  meth ion ine  and 
c y s t in e / c y s t e in e  were much s m a l l e r  than p r e v i o u s l y  
supposed. To e x p la in  t h i s  o b s e r v a t i o n  i t  was proposed 
tha t  the sulphur c o n ta in in g  am ino-ac ids  r a p i d l y  underwent 
condensat ion  r e a c t i o n s  w i th  quiñones ( f r om  decom pos i t ion  
o f  l i g n i n s )  thus becoming in co rp o ra ted  in to  the humus w i th  
subsequent s t a b i l i t y  to  decom pos i t ion  (Whitehead 1 960 and
1964 ) .  Th is  th e o r y ,  to the p r e s e n t  moment, remains 
unsubstan t ia ted  by d i r e c t  e v id e n c e ,  but no e v id ence  f o r  
i t s  r e j e c t i o n  has been ob ta in ed .  The on ly  i n d i r e c t
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evidence comes from an ea r ly  study (Shorey, 1 9l 3) when 
trithiobenzaldehyde was i so la te d  from s o i l ,  suggest ing  a 
s im ilar  condensation reac t ion  between hydrogen sulphide  
and the aldehyde o r ig in a t ing  from l i g n in .  Another 
pointer  in favour o f  th is  concept was the f in d in g  of  
2 5  percent o f  the organic sulphur occurring as sulphur  
d i r e c t ly  bonded to carbon in Canadian surface  s o i l s  (De 
Long and Lowe, 1 962) as determined by the Rainey n icke l  
desu lphur isat ion  procedure.
2 . 2.1 The occurrence  o f  s o i l  sulphur combined as 
a m in o -a c id s .
When c o n s id e r in g  amino a c id  sources  o f  s o i l  o r g a n ic  
sulphur the l i t e r a t u r e  i s  commonly hazy and o f t e n  f a i l s  to 
d i f f e r e n t i a t e  between f r e e ,  uncombined am ino-ac id s  and 
am ino-ac ids  which were the  r e s u l t  o f  l a b o r a t o r y  h y d r o l y s i s .  
However, s in c e  am ino-ac ids  a r e  r e a d i l y  u t i l i s e d  by m ic ro ­
organisms one would no t  expect  l a r g e  q u a n t i t i e s  o f  f r e e  
amino-ac ids  to  occur  in the s o i l .  Work by Putnam and 
Schmidt (1 95c0 has supported such e x p e c t a t i o n s »  Other 
work has been per formed to examine the chemica l  forms and 
amounts o f  am ino-ac id s  o c c u r r in g  in  s o i l  h y d r o l y s a t e s .  
P reney  e t  aJL., (1 972 ) used i o n  exchange chromatography and 
X - r a y  f lu o r e s c e n c e  to d e t e c t  sulphur c o n ta in in g  amino- 
a c id s .  These methods were s a t i s f a c t o r y  but needed 
deve lopment;  f i n d i n g s  in d ic a t e d  th a t  26 p e r c e n t  o f  the 
t o t a l  s o i l  sulphur occurred  as the am ino-ac ids  (bonded 
t o g e th e r  as p r o t e in s  and p e p t i d e s )  m eth ion ine  and c y s t i n e .  
Th is  corresponded to  ap p rox im a te ly  h a l f  o f  the t o t a l
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carbon-bonded sulphur and was much l a r g e r  than e s t im a te s  
based on N:S r a t i o s  (Whitehead, 1 96k) and amino a c id  
a n a l y s i s .  S ince  r e ag en ts  capab le  o f  h y d r o l y s i s  were 
employed, u s u a l l y  6N HC&, exp e r im en ta l  a r t e f a c t s  cannot be 
ig n o re d ,  and amounts o f  am ino-ac id  sulphur could be o v e r ­
e s t im ated  .
2 .2 .2  The f r a c t i o n a t i o n  o f  s o i l  o r g a n ic  sulphur in to  
H l - r e d u c ib l e  sulphur and carbon-bonded sulphur
Over the l a s t  f i f t e e n  years  a w i d e l y  used 
f r a c t i o n a t i o n  procedure  f o r  s o i l  o r g a n ic  sulphur has been 
e v o lv e d .  Th is  procedure i s  r a t h e r  e m p i r i c a l  in  nature  
such th a t  s i m i l a r  and mean ing fu l  c l a s s e s  o f  compounds a re  
r a r e l y  found o c c u r r in g  in  one f r a c t i o n ,  and a re  o f t e n  
un re la ted  to  s o i l  p r o p e r t i e s .  Most workers  f r a c t i o n a t e  
o rgan ic  sulphur in to  tha t  Y/hich i s  reduced by h y d r i o a i c  
a c id  and th a t  which i s  d esu lp hu r is ed  by r e d u c t i o n  w i th  
Raney n i c k e l  ( f i r s t  r e p o r t e d  as a d i r e c t  method f o r  the 
d e t e rm in a t io n  o f  carbon-bonded sulphur by Le Long and Lowe, 
1962 ) .  However, the summation o f  the  two f r a c t i o n s  
mentioned above r a r e l y  accounts f o r  more than 90 p e r c e n t  
o f  the t o t a l  o r g a n ic  sulphur (Lowe,  1 965 and Preney  e t  a l 0 , 
1 970) v/hich l e d  Lowe (1 965) to  sugges t  the p resence  o f  a 
v e r y  i n e r t  sulphur f r a c t i o n  or a p r e p a r a t i o n  a r t e f a c t .  
Another  p o s s ib l e  e x p la n a t io n  i s  that  the Raney n i c k e l  does 
not r e c o v e r  a l l  the sulphur which i s  d i r e c t l y  bonded to  
carbon. Indeed,  P reney  e t  a l . ,  (1 970) found tha t  
a l i p h a t i c  sulphones and a l i p h a t i c  su lphon ic  a c id s  (b o th  
carbon-bonded sulphur compounds) both  remain unrecovered
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by the nicke l  reduction .  This lack  o f  s p e c i f i c i t y  a lso  
extended to inorganic forms o f  sulphur, with elemental  
sulphur, metabisu lphite ,  thiosu lphate  and sulphate a l l  
being included in the Raney n icke l  reduc ib le  f r a c t io n .  
However, th is  is  not a serious l im i t a t io n  as these 
inorganic forms o f  sulphur are r a r e ly  s i g n i f i c a n t  in s o i l s  
u n fe r t i l i s e d  with elemental sulphur. Freney et a l . .
( 1  9 7 0 ) found fo r  a l l  s o i l s  that the ca lcu la ted  carbon-  
bonded sulphur f r a c t io n  ( t o t a l  organic  sulphur minus H I -  
reduc ib le  sulphur) always exceeded the d i r e c t ly  measured 
quantity and attempted to reduce th is  d i s p a r i t y .  However, 
even when iron and manganese in te r fe rences  were overcome 
by increas ing  the reducing power o f  the c a ta ly s t  (by  
adding Na/Al a l l o y  p lus  sodium hydroxide) only a 3 0  percent  
recovery o f  the ca lcu la ted  carbon-bonded sulphur was 
obtained suggest ing the presence o f  a th ird  d i s t in c t  
sulphur f r a c t io n .  However this  work incorporated the use 
of sodium hydroxide which is  a powerful hydrolysing agent  
capable o f  d r a s t i c a l l y  a l t e r in g  n a tu ra l ly  occurring s o i l  
organic sulphur.
Preney  (1 957 and 1 961 ) was the f i r s t  worker to  su gges t  
the use o f  h y d r io d i c  a c id  to  f r a c t i o n a t e  s o i l  o rgan ic  
sulphur as he b e l i e v e d  o r g a n i c a l l y  bound su lpha tes  formed 
a c o n s id e ra b le  p o r t i o n  o f  the s o i l  o rgan ic  sulphur. The 
use o f  t h i s  procedure was q u i c k l y  adopted and i s  s t i l l  
e x t e n s i v e l y  used even though no in d i v i d u a l  sulphur 
compounds in  t h i s  f r a c t i o n  have been i d e n t i f i e d o  I t  was 
found tha t  50 p e rcen t  o f  the o rgan ic  sulphur was H I-
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r e d u c ib l e  in some A u s t r a l i a n  s o i l s .  A s i m i l a r  
p r o p o r t i o n  o f  H l - r e d u c ib l e  sulphur was found in  Canadian 
s o i l s  ( o-od. Aov/o-e.,1 96Z, Lowe 1 962+) . The a n a l y t i c a l  
method (Johnson and N i s h i t a ,  1 952 ) i n v o l v e s  r e d u c t i o n  o f  
sulphur to hydrogen su lph ide  which i s  then de term ined  
t i t r i m e t r i c a l l y  us ing  methylene b lu e .  However the  
r e d u c t ion  in c lu d es  in o rgan ic  sulphur which n e c e s s i t a t e s  a 
s ep a ra te  d e t e r m in a t io n  o f  in o r g a n ic  sulphur.  When the 
amount o f  in o r g a n ic  su lphate  was deducted from the  H I -  
r e d u c ib l e  su lphur,  s t ron g  c o r r e l a t i o n  was ob ta in ed  between 
t h i s  r e s id u a l  q u a n t i t y  and bo th  t o t a l  carbon and t o t a l  
n i t r o g e n  i n d i c a t i n g  tha t  the H l - r e d u c i b l e  sulphur i s  
o r g a n i c a l l y  combined (F reney ,  1 961 ) .  In  the  same r e p o r t  
(F ren ey ,  1 961 ) i t  was shown tha t  the H l - r e d u c ib l e  sulphur 
m o s t ly  occurred  i n  the f u l v i c  a c id  f r a c t i o n .
Sulphated  p o ly s a c c h a r id e s  have o f t e n  been put fo rw a rd  
as s i g n i f i c a n t  forms o f  s o i l  o rgan ic  sulphur (F ren ey  e t  a l . ,  
1962 ; Whitehead, 1961+) but l a t e r  work (Lowe, 1965 ) w i th  
A lb e r t a  s o i l s  in d i c a t e d  th a t  l e s s  than 2 p e rcen t  o f  the 
t o t a l  sulphur occurred  in  such forms (a s  e x t r a c t a b l e  i n  hot 
w a t e r ) .  The l a r g e s t  amounts o f  these  sulphated 
p o ly s a c c h a r id e s  v/ere found in o rga n ic  h o r i z o n s ,  a t rend  
which i s  f o l l o w e d  by a l l  s o i l  p o l y s a c c h a r id e s .
2 .2 .3  Procedures  f o r  e x t r a c t i n g  s o i l  o rgan ic  sulphur
The a r b i t r a r i n e s s  o f  the f r a c t i o n a t i o n  p rocedures  
o u t l in e d  above has r e s u l t e d  in  e f f o r t s  b e in g  made to  f i n d  a 
more u s e fu l  and mean ing fu l  f r a c t i o n a t i o n  ( M e l v i l l e  e t  a l . . 
1969 , F reney  e t  a l . . , 1 969 ) .  F i r s t l y ,  c h e l a t i n g  r e s in s
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were examined but these  o n ly  e x t ra c t e d  ¿4+ p e r c e n t  o f  the 
t o t a l  o rgan ic  sulphur and t h e i r  a b i l i t y  to e x t r a c t  t h i s  
amount was due to the  h igh  pH o f  the  r e s i n  r a th e r  than 
c h e l a t i o n  p r o p e r t i e s .  These r e s in s  had been p r e v i o u s l y  
used to e x t r a c t  u na l te red  o rgan ic  m atter  f rom  s o i l s ,  but 
were c l e a r l y  l i m i t e d  when used in  c o n n ec t io n  w i th  sulphur 
s t u d i e s .  Freney _et al,. , (-1969) examined a wide range o f  
compounds f o r  e x t r a c t i n g  o rga n ic  su lphur,  but a l th ou gh  they  
found tha t  no compound t e s t e d  was e n t i r e l y  s a t i s f a c t o r y ,  a 
mixture o f  sodium carbonate  and sodium b ic a r b o n a te  p roved  
the most e f f e c t i v e .  The o th e r  s o i l  o r g a n ic  m atte r  
e x t r a c t e n t s  examined were ,  sodium h yd ro x id e ,  c h e l a t i n g  
r e s in s  and sodium pyrophosphate .  Only sodium hydrox ide  
e x t r a c t e d  more than 50 p e r c e n t  o f  the  o rga n ic  sulphur but 
the n i t r o g e n :s u lp h u r  r a t i o  o f  the m a t e r i a l  e x t r a c t e d  
d i f f e r e d  from tha t  o f  the s o i l .  T h e r e f o r e  no re ag en t  
s u c c e s s f u l l y  e x t r a c t e d  a r e p r e s e n t a t i v e  sample o f  the 
o rgan ic  m a t t e r .  I t  was a l s o  found th a t  v e r y  a l k a l i n e  
c o n d i t i o n s  caused breakdown o f  humic a c id  sulphur 
compounds to  f u l v i c  a c id  su lphur.  A l though  t h i s  work by 
Freney e t  a l . , (1 9&9) was o r i g i n a l l y  des igned  to  f i n d  a 
s u i t a b l e  e x t r a c t a n t  f o r  s o i l  o r g a n ic  sulphur,  s e v e r a l  
a d d i t i o n a l  p i e c e s  o f  in fo rm a t ion  were o b ta in e d .  For  
example, r e s u l t s  sugges ted  tha t  much o f  the H l - r e d u c ib l e  
sulphur occurred  as h igh  m o le cu la r  w e igh t  humic a c id  
compounds and not as f u l v i c  a c id  compounds as o f t e n  
p r e v i o u s l y  su gges ted .  Freney  used sodium
hydrox ide  to e x t r a c t  s o i l  sulphur which p rob a b ly  caused
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humic sulphur to be broken down into f u l v i c  sulphur.
Another in te res t ing  f ind ing  o f  the work was the detect ion  
of very l i t t l e  inorganic sulphur in the extracts  although  
on storage at high pH values organic sulphur was 
converted to inorganic sulphur. This could p o s s ib ly  be 
used as a measure o f  l a b i l e  sulphur o rg an ic a l ly  combined in  
the s o i l .  Yet another point concerned the increased H I -  
reduc ib le  sulphur observed on storage at high pH^indicating  
that G-S bonds were broken, as would occur with prote ins  
and peptides containjg cysteine (Preney, *[367) .
Sodium hydroxide/sodium pyrophosphate (pH 13) has a lso  
been employed to ex trac t  s o i l  sulphur (Bettany e_t a l . . 1979 
and 1 9 8 0 ) .  The extracted sulphur was then separated into  
humic acid sulphur (H A -A ) , f u l v i c  acid sulphur ( F A -A ) , 
c lay -a ssoc ia ted  humic acid sulphur (HA-B) and humirv 
( <  2 um) sulphur. The r e l a t i v e  amounts of  H I - r e d u c ib le  
sulphur and carbon-bonded sulphur were then determined f o r  
each sulphur f r a c t io n .  On the bas is  o f  lov/er C:N:S r a t i o s  
and higher proport ions o f  H l - r e d u c ib le  sulphur in the FA-A, 
HA-B and humic f r a c t io n s  i t  was suggested that these three  
f ra c t ion s  contained the major s o i l  reserves  of  p o t e n t i a l l y  
l a b i l e  sulphur.
Recently an extractant has been examined which removes 
£>1-97 percent of  s o i l  organic sulphur (Scott  and Anderson,  
1976). An advantage i s  that the extractant ,  
acety lacetone , extracts  under very mild chemical conditions  
and i s  there fo re  l i k e l y  to extract unaltered  forms o f  s o i l  
organic sulphur. The extract  was f r a c t io n a ted  using ge l
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perm eat ion  chromatography and a l thou gh  f o u r  d i s t i n c t  
f r a c t i o n s  were o b ta in ed ,  th e re  was no c o n s i s t e n t  s i m i l a r i t y  
between the co r respond ing  f r a c t i o n s  o f  d i f f e r e n t  s o i l s .  
However, such an e f f i c i e n t  e x t r a c t a n t  o p e r a t in g  under m i ld  
c o n d i t i o n s  does p r o v id e  a new s t a r t i n g  p o in t  f o r  f u r t h e r  
r esea rch  in to  s o i l  o rgan ic  su lphur.
2 .2 .4  C h a r a c t e r i s a t i o n  o f  s o i l  o rgan ic  sulphur f r a c t i o n s .
S ince  no, new, b e t t e r ,  e x t r a c t i o n  p rocedures  cou ld  be 
r e a d i l y  d eve lop ed ,  another  approach was to p e r s i s t  w i th  the 
w id e ly  used H l - r ed u c ib le/ca rbon -bond ed  sulphur 
f r a c t i o n a t i o n  and t r y  to more f u l l y  c h a r a c t e r i s e  these 
f r a c t i o n s .  W h i l s t  some in fo rm a t ion  i s  a v a i l a b l e  on the 
m e tabo l ism  o f  the carbon-bonded sulphur compounds, 
meth ion ine  and c y s t e in e ,  ( F r e d e r i c k  e t  a l . .  1 957, F ren ey ,  
1961) v e r y  l i t t l e  in fo rm a t io n  i s  a v a i l a b l e  on the  H I -  
r e d u c ib l e  f r a c t i o n .  I t  was not known whether the H I-  
r e d u c ib l e  sulphur was a r e l a t i v e l y  s t a b l e  end p roduct  or an 
a c t i v e  p a r t i c i p a n t  in sulphur m e ta b o l i s m  ( f o r  example, an 
e a r l y  s tage  o f  i n c o r p o r a t i o n  o f  in o r g a n ic  sulphur in t o  
o rgan ic  s u lp h u r ) .  An a ttempt to f u r t h e r  c h a r a c t e r i s e  
these  f r a c t i o n s  was undertaken by F reney  .et al.. , (1 971 ) 
where l a b e l l e d  in o r g a n ic  su lphate  was added to s o i l s  which 
were then incuba ted .  In c o r p o r a t i o n  o f  sulphur-35 in to  the 
two f r a c t i o n s  was subsequent ly  measured. The r e s u l t s  o f  
t h i s  work showed no c o n s i s t e n t  p a t t e r n  o f  su lphate  
in c o r p o r a t i o n ;  the  l a b e l l e d  su lpha te  b e ing  randomly 
in co rp o ra ted  in to  both f r a c t i o n s .  Th is  sugges ted  th a t  the 
f r a c t i o n a t i o n  procedure  had l i t t l e  r e l e v a n c e  to  s o i l
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o rgan ic  sulphur t r a n s fo rm a t io n s .  P reney  _et a l .  , ( l 9 7 l )  
r e c o g n is e d  the s ev e re  l i m i t a t i o n s  imposed hy t h i s  
f r a c t i o n a t i o n ;  " i t  i s  c l e a r  tha t  more d e t a i l e d  s u b d i v i s i o n  
o f  the H l - r e d u c ib l e  f r a c t i o n  w i l l  be n e c e s s a ry  b e f o r e  the 
p a r t  p layed  by i t  in  su lphate  i n c o r p o r a t i o n  can be 
u nders tood . "  Th is  work d id  show, however ,  tha t  most o f  
the l a b e l l e d  su lphate  was in co rp o ra ted  in to  the f u l v i c  a c id  
f r a c t i o n  a f t e r  2b weeks in cu b a t ion ,  but t h i s  could be due 
to the shor t  p e r i o d  o f  i n v e s t i g a t i o n ,  i . e . ,  g i v e n  more t ime 
f u l v i c  sulphur could be conver ted  to  humic sulphur. A ls o  
sodium hydrox ide  was found to  e x t r a c t  the same r a t i o  o f  
l a b e l l e d : u n la b e l l e d  sulphur as occurred  in  the s o i l  a f t e r  
in cu b a t ion ,  sugges t ing  tha t  t h i s  r e ag en t  e x t r a c t s  a 
r e p r e s e n t a t i v e  sample o f  o rgan ic  m a t te r  even though the 
e x t r a c t e d  compounds may not remain e n t i r e l y  u na l te redo  
Another method o f  more f u l l y  c h a r a c t e r i s i n g  the 
o rgan ic  sulphur f r a c t i o n s  was adopted by Preney  e t  a l . ,  
( l 975 ) where the  f r a c t i o n s  were l a b e l l e d  w i th  su lphur -35 
and assessed  as sources o f  p la n t  a v a i l a b l e  su lphur.  Th is  
approach c o n t ra s te d  w ith  the method o f  above ,  as t h i s  t ime 
m in e r a l i s a t i o n  r a th e r  than in c o r p o r a t i o n  ( im m o b i l i s a t i o n )  
was s tu d ied .  Here a ga in ,  however, r e s u l t s  did l i t t l e  to  
j u s t i f y  cont inued  use o f  the H l - r ea u c ib le / ca rb o n -b on d ed  
sulphur f r a c t i o n a t i o n .  Exper iments were s e t  up which 
enabled the d e t e rm in a t io n  and i s o t o p i c  assay o f  o rgan ic  
sulphur f r a c t i o n s ,  both b e f o r e  ana a f t e r  the growth o f  
Sorghum. The sulphur taken up by the p la n ts  was found to  
be a lmost e q u a l l y  d e r i v e d  from both f r a c t i o n s  a l th ou gh
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s l i g h t l y  more carbon-bonded sulphur was taken  up. I t  i s  
v e r y  i n t e r e s t i n g  to note  th a t  some t r a n s fo rm a t i o n  o f  the 
carbon-bonded sulphur (which is not r e d u c ib l e  by Raney 
n i c k e l )  o ccurred .  Thus i t  seems that  e a r l i e r  work (Lowe,
1965 ) which p o s tu la t e d  the  e x i s t e n c e  o f  a sm a l l ,  i n e r t ,  
p la n t  i n s i g n i f i c a n t  f r a c t i o n  o f  o r ga n ic  sulphur was 
in c o r r e c t  and tha t  the a l t e r n a t i v e  th e o r y  (F reney  e t  a l . , 
1970), th a t  Raney n i c k e l  was incapab le  o f  e x t r a c t i n g  a l l  
carbon-bonded su lphur,  i s  more a c c e p t a b l e .  S ince  a l l  the 
sulphur f r a c t i o n s  i n v e s t i g a t e d  c o n t r ib u t e d  to  the  p o o l  o f  
a v a i l a b l e  sulphur "none o f  them a re  l i k e l y  to  be o f  any 
va lue  f o r  p r e d i c t i n g  the sulphur requ ir em en ts  o f  p l a n t s "  
(F reney  ert a l .  , 1 975)« Thus, i t  seems tha t  these  
f r a c t i o n s ,  which a re  based on p u re ly  chem ica l  p r o p e r t i e s  o f  
the sulphur compounds bear l i t t l e  r e l a t i o n s h i p  to sulphur 
compounds which are  e i t h e r  r e a d i l y  m in e r a l i s e d  or which a re  
the products  o f  m i c r o b i a l  in c o r p o r a t i o n  o f  in o r g a n ic  sulphur 
( im m o b i l i s a t i o n ) .  Goh and T s u j i  (1 979) and T s u j i  and G-oh 
( 1 979) adopted a s im i l a r  approach to c h a r a c t e r i s e  s o i l  
sulphur f r a c t i o n s .  S o i l s  were incubated w i th  5-35  
l a b e l l e d  gypsum f o r  70 days.  During the in c u b a t io n  sub­
samples were p e r i o d i c a l l y  taken  and e x t r a c t e d  w i th  v a r i o u s  
r e a g e n ts .  Up to 80 p e r c en t  o f  the a p p l i e d  sulphur was 
immobil ised w h i l s t  ind igenous sulphur was s im u l tan eou s ly  
m in e r a l i s e d .  However the h igh  s p e c i f i c  a c t i v i t y  o f  the 
in o rgan ic  sulphur was not d is t in g u is h e d  from  the lower  
s p e c i f i c  a c t i v i t y  o f  the o rgan ic  H i - r e d u c ib l e  sulphur and 
t h e r e f o r e  i n v a l i d  assumptions were made r e g a r d in g  the
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s p e c i f i c  a c t i v i t y  o f  the o rg a n ic  sulphur p o o l .  The s o i l s ,  
l a b e l l e d  w i th  S-35 ( t h e  3-35 was not e q u i l i b r a t e d  w i th  
indigenous su lphur)  were then sown w i th  r y e g r a s s .  Amounts 
o f  sulphur taken up were c o r r e l a t e d  w i th  d ec reases  in  
e x t r a c t a b l e  su lphur.  Ca(H2P0 ^ )2  2K20 and NaHgPO^-HOAC 
proved to  be the bes t  c o r r e l a t e d  e x t r a c t a n t s .
Other a t tem pts  to  c h a r a c t e r i s e  the  s o i l  o r g a n ic  
sulphur f r a c t i o n s  have in vo lv ed  comparing the f r a c t i o n s  o f  
a c u l t i v a t e d  s o i l  w ith  those  o f  a p as tu re  s o i l  (McLaren and 
S w i f t ,  1977 ) .  Both s o i l s  had been m a in ta ined  in  the 
a fo rem ent ioned  c o n d i t i o n s  f o r  many y e a r s  and both be longed  
to the same s o i l  s e r i e s  ( t h e r e f o r e  mode o f  a g r i c u l t u r a l  
p r a c t i c e  employed was the o n ly  e s s e n t i a l  v a r i a t i o n ) 0 The 
c u l t i v a t e d  s o i l  con ta ined  l e s s  t o t a l  sulphur due to  the
m in e r a l i s a t i o n  o f  sulphur s t im u la ted  by long  term
c u l t i v a t i o n .  A l though  75 pe rcen t  o f  the sulphur l o s t  came 
from the carbon-bonded sulphur p o o l  (and t h e r e f o r e  o n ly  
25 p e rcen t  from the H l - r e d u c ib l e  su lphur)  the au thors  
suggested  that  the H l - r e d u c ib l e  sulphur p o o l  was more 
t r a n s i t o r y  in  nature and hence assumed g r e a t e r  importance  
in  short  term m i n e r a l i s a t i o n .  The f o l l o w i n g  cha in  o f  
even ts  was t h e r e f o r e  proposed (McLaren and S w i f t ,  1 9 7 7 ) : -
p  q  s. xtt v}r\a 1 -1 ̂ a v,"1  ̂ o m inera l  i  sat  ion-v • „ • <-1c - o  —f  i l l - r e d u c ib l e  3 ---------------------~~~r in o r g a n ic  S.
The f in d in g s  o f  t h i s  v/ork have been co r rob o ra ted  by r e c e n t
work in Canada (B e t ta n y  _et a l .  , 1980) which a l s o  compared 
permanent pas tu re  and con t in u ou s ly  c u l t i v a t e d  s o i l s .  Th is  
work in d ic a t e d  that  the t r a d i t i o n a l  f r a c t i o n a t i o n  scheme
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had some use in p r e d i c t i n g  the  sulphur s u p p ly in g  power o f  
s o i l s  which i s  in  c o n t r a s t  to e a r l i e r  f i n d in g s  (P r en e y  e t  
a l . ,  1 975 ) .  Me Lachlan and De Marco (1 975) noted that  
accumula t ion  o f  added sulphur to a pas tu re  s o i l  occurred  in  
the carbon-bonded f r a c t i o n .  However subsequent c ropp ing  
showed tha t  t h i s  carbon bonded sulphur was taken up by 
p lan ts  and a s im i l a r  carbon-bonded sulphur ^  H l - r e d u c ib l e  
sulphur con ve rs ion  was p o s t u l a t e d .
2 . 2 05 S o i l  o rgan ic  sulphur in  U.K. s o i l s
L i t t l e  work has been pu b l ish ed  about the o rgan ic  
sulphur f r a c t i o n s  o f  B r i t i s h  s o i l s .  However some work on 
S c o t t i s h  s o i l s  has been per fo rmed  (S c o t t  and Anderson,
-1 976b. i t  was found tha t  c a lca r e ou s  s o i l s  con ta in ed  
p r o p o r t i o n a l l y  l e s s  H l - r e d u c ib l e  sulphur than a c id  s o i l s ,  
a l though  no r eason in g  could be o f f e r e d  f o r  t h i s  
o b se r va t io n .  T h is  S c o t t i s h  work was s i g n i f i c a n t  in  that 
fu r t h e r  ev id ence  was ob ta ined  to support  the H l - r e d u c ib l e /  
carbon-bonded sulphur s e p a r a t i o n .  Th is  was th a t  the 
Raney n i c k e l - r e d u c i b l e  sulphur was w e l l  c o r r e l a t e d  w i th  
t o t a l  carbon, t o t a l  N and o rgan ic  sulphur " s u g g e s t in g  that  
a w e l l  d e f in e d  group o f  compounds was b e in g  measured" .  
However, " w e l l  d e f in e d "  may o n ly  be a p p l i c a b l e  in  a 
chemical sense w ith  the compounds be ing  i l l  d e f in e d  in 
terms o f  s o i l  sulphur m in e r a l i s a t i o n  or im m o b i l i s a t i o n .
In  summary, a l thou gh  the s o i l  o rga n ic  sulphur f r a c t i o n  
i s  v i t a l l y  important in the l on g  term maintenance o f  p la n t  
a v a i l a b l e  sulphur s u p p l i e s ,  v e r y  l i t t l e  is  knownof i t s
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com pos i t ion ,  e i t h e r  from a chem ica l  or from a 
t ra n s fo rm a t io n  p o in t  o f  v i e w .  The H l - r e d u c ib l e / c a r b o n -  
bonded sulphur f r a c t i o n a t i o n  has been w id e l y  employed and 
i s  p o s s ib l y  answerab le  -^orthe s low  advancement o f  our 
understand ing .  The c r i t e r i a  on which the s e p a r a t i o n  i s  
based has shown q u e s t io n a b le  r e l e v a n c e  to p roce sses  
o p e r a t i v e  in  s o i l  sulphur c y c l i n g .  U n t i l  a more 
s a t i s f a c t o r y  s e p a r a t i o n  i s  d ev e lop ed  ( o r  a t  l e a s t  a 
s u b d iv i s io n  o f  the e x i s t i n g  f r a c t i o n s )  our knowledge o f  
s o i l  o rga n ic  sulphur remains l i m i t e d .
2.3 The M i n e r a l i s a t i o n  o f  S o i l  Sulphur
I t  i s  g e n e r a l l y  accep ted  that  f o r  the s o i l s  o f  the 
humid r e g io n s  p r a c t i c a l l y  a l l  s o i l  sulphur occurs as 
o rgan ic  fo rms. S ince  p la n ts  take up sulphur as su lpha te  
or as smal l  uncombined o rgan ic  m o lecu le s ,  such as c y s t i n e  
and meth ion ine  (E a r d s l e y ,  1960 ) ,  the l a r g e  complex 
molecu les  in  s o i l  o rgan ic  m at te r  must undergo d e g ra d a t io n  
in to  p la n t  a v a i l a b l e  fo rm s ,  i f  p la n ts  a re  to  remain sulphur 
s u f f i c i e n t .  A l though m i n e r a l i s a t i o n  o f  s o i l  sulphur is  
important in the lon g  term sulphur s ta tus  o f  s o i l s ,  the 
amounts produced r a r e l y  match p la n t  r e qu ir em en ts .  Hence 
in  areas where m in e r a l i s a t i o n  is  a lmost the s o l e  s u p p l i e r  
o f  a v a i l a b l e  su lphur,  d e f i c i e n c i e s  occur .  Such a reas  a r e  
u su a l ly  n o n - i n d u s t r i a l i s e d , in land and co(\ta.bo- 
on ly  small  amounts o f  ind igenous m in e ra l  su lphur,  e . g .  
F rance ,  New Zealand, A u s t r a l i a  and so u th -e a s t  U .S .A .
(Coleman, i 966 ) .
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2.3.1 Methods used to  study the m i n e r a l i s a t i o n  o f  s o i l  
su lphur .
I t  i s  b e l i e v e d  th a t  m i n e r a l i s a t i o n  o f  sulphur i s  
p redom inan t ly  brought about by the s o i l  m i c r o f l o r a  and 
t h e r e f o r e  a system o f  m in e r a l i s a t i o n / im m o b i l i s a t i o n  would 
be expec ted  to occur (P reney  and S tevenson ,  1 9 6 6 ) ,
T h e r e f o r e  sulphur m in e r a l i s a t i o n  i s  a v e r y  d i f f i c u l t  
p ro c e s s  to  i n v e s t i g a t e ,  owing to the v a s t  range o f  types  o f  
i n t e r a c t i n g  m icro -organ isms which occur in s o i l s .  Cooper 
(1 971 ) made such an o b s e r v a t io n  and sugges ted  that  
in c u b a t io n  s tu d ie s ,  where i n i t i a l  and f i n a l  amounts o f  
su lphate  sulphur could  be determ ined ,  would be most 
r e l e v a n t  and u s e fu l .  These in cu b a t ion  methods a re  
e x c e l l e n t  f o r  dem onstra t ing  the e f f e c t  o f  a t rea tm ent  on 
the p ro c e s s  but do l i t t l e  to help e lu c i d a t e  b io chem ica l  
pathways ( i . e .  the a c tu a l  work ing mechanism o f  the p r o c e s s ) 0 
Thus i t  f o l l o w s  tha t  our o v e r a l l  knowledge o f  o rgan ic  
sulphur m in e r a l i s a t i o n  i s  ex t rem e ly  l i m i t e d  e s p e c i a l l y  w i th  
regard  to  b io ch em ica l  pathways„
2 03.2 F a c to r s  a f f e c t i n g  the m in e r a l i s a t i o n  o f  s o i l  sulphur
Most o f  the work in  r e cen t  yea rs  on sulphur 
m in e r a l i s a t i o n  has been performed in  A u s t r a la s i a  and North  
Am er ica ,  u s u a l l y  by means o f  in cu b a t ion  s tu d ie s .  Spencer 
and Preney (1 960 ) found that  on ly  2 pgS/g  o f  sulphur was 
m in e r a l i s e d  dur ing  an in cuba t ion  p e r i o d  o f  1 k months, which 
i s  v e r y  l i t t l e .  However, t h i s  f i g u r e  i s  on ly  based on a 
sulphur balance sheet  and the 2 /igS/g r e p res en ts  net
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sulphur m in e r a l i s a t i o n .  The same workers a l s o  found a 
c o r r e l a t i o n  between m in e ra l i s e d  sulphur and phosphate 
e x t r a c t a b l e  sulphur,  a c o r r e l a t i o n  which does not comply 
w i th  cu rren t  knowledge th a t  phosphate s o lu t i o n s  e x t r a c t  
e a s i l y  s o lu b l e ,  absorbed and some organ ic  su lphur .  A lso  
in  1 960 Freney and Spencer n o t i c e d  an e f f e c t  on 
m i n e r a l i s a t i o n  r a t e s  due to the presence o f  growing p la n t s ,  
more su lphate  be ing  m in e ra l i s e d  where p la n ts  were p resen t  
( t h i s  e f f e c t  has a ls o  been noted  by r e c en t  workers ,  T s u j i  
and Goh (1 9 7 9 ) ) .  Th is  was cons ide red  to  be due to the 
inc reased  m ic r o b ia l  a c t i v i t y  o f  the rh izo sp h e re  and showed 
that  p la n ts  in f lu e n c e  the r a t e  o f  sulphur c y c l i n g  in  the 
so i l .  Barrow (1 961 ) per formed a d e t a i l e d  study o f  sulphur 
m in e r a l i s a t i o n  and found th a t  a i r  d r y in g  o f  s o i l s  caused a 
f l u s h  o f  sulphur m in e ra l i s e d  upon subsequent in cu ba t ion  
which could be due e i t h e r  to the s p l i t t i n g  up o f  o rgan ic  
m o lecu les  on d ry in g ,  or more l i k e l y  to the B i r c h  e f f e c t  
where d ry ing  k i l l s  many m i c r o f l o r a  and thus p ro v id e s  a 
source o f  e a s i l y  a s s im i la b l e  subs tra te  (hence increased  
m i c r o f l o r a l  a c t i v i t y  r e s u l t s ) .  Barrow a l s o  found that  the 
a d d i t i o n  o f  p lan t  m a te r ia l  w i th  low  sulphur conten t  caused 
a net im m o b i l i s a t io n  o f  su lphate  and that  w ate r  e x t r a c t a b l e  
su lphate  o v e r - e s t im a t e d  amounts o f  sulphate which were 
a v a i l a b l e  t o  m icro -organ ism s.  Th is  l ed  to a p r e f e r e n c e  
f o r  0.1 5 p e r c e n t  CaCl2 as an e x t r a c ta n t  f o r  m in e r a l i s e d  
sulphur. The amount o f  sulphur e x t ra c ted  by 0.15 p e rcen t  
CaC l2 was l a t e r  found to  c o r r e l a t e  w ith  m i c r o f l o r a l  
a c t i v i t y ,  as measured by carbon d io x id e  e v o lu t i o n
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(Kowalenko and Lowe, 1975).  Work on M i s s i s s i p p i  s o i l s  
(N e ls on ,  1 96^+) r e v e a le d  a common p a t t e r n  o f  su lpha te  
r e l e a s e  w i th  t ime,  the s o i l s  showed v a r i a b l e  r e l e a s e  or 
f i x a t i o n  f o r  2 months but then m in e r a l i s a t i o n  p roceeded  a t  
a s teady  r a t e .  Th is  i n i t i a l  v a r i a b l e  r e l e a s e  was 
p rob a b ly  due to d i f f e r i n g  C:N:S r a t i o s ,  an ave rage  r a t i o  
be in g  1 26:1 0:1 which i s  s i m i l a r  to that  r e p o r t e d  f o r  a 
range o f  New Zealand s o i l s  (W h i t e ,  1 959 ) .
L iming has been shown by s e v e r a l  workers (N e ls o n  196U, 
White 1959 and W i l l i a m s  1 9 6 7 ) > to a f f e c t  the r a t e  o f  
sulphur m in e r a l i s a t i o n .  N e lson  (1 36k) demonstrated that  
s o i l s  o f  pH 5 or l e s s  when l imed to  pH 6.5 con ta ined  th ree  
t imes more ammonium a c e t a t e / a c e t i c  a c id  s o lu b le  sulphur 
which was a t t r i b u t e d  to an in c reased  r a t e  o f  m i n e r a l i s a t i o n .  
I n  v iew  o f  d e s o rp t io n  ev id ence  ( s e e  s e c t i o n  2. ¿+) the 
in c reased  sulphur e x t r a c t e d  was p o s s i b l y  due to the 
dec reased  a d so rp t ion  c a p a c i t y  o f  the s o i l  f o r  sulphur as a 
r e s u l t  o f  increased  pH. Freney  and S tevenson (1 966) have 
o f f e r e d  o th e r  p o s s ib l e  exp lana t ions  o f  the l im in g  e f f e c t ,  
which a r e ;  su lphate  added in  the l im e ,  su lphate  r e l e a s e d  
by chem ica l  h y d r o ly s i s  a t  the h igher  pH or  increased  
m i n e r a l i s a t i o n  due to o p t im is a t i o n  o f  the pH environment.  
To luene  and formaldehyde were found to  suppress 
m i n e r a l i s a t i o n  but the e f f e c t  was l e s s  marked on a d d i t i o n  
o f  ca lc ium  carbonate (W i l l i a m s  1 967) su gg es t in g  that  
m i c r o f l o r a l  a c t i v i t y  was s t im u la ted ,  a l though  aga in  
chemica l  e f f e c t s  cannot be e l im in a te d .
S ince i t  i s  g e n e r a l l y  b e l i e v e d  that  sulphur
m i n e r a l i s a t i o n  occurs as a r e s u l t  o f  m i c r o i l o r a l  a c t i v i t y
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i t  i s  no t  su rp r is in g  to f i n d  that  the c o n d i t i o n s  which 
a f f e c t  m i c r o f l o r a l  a c t i v i t y  a l s o  a f f e c t  m in e r a l i s a t i o n  
r a t e s  as measured by in cu ba t ion .  Thus W i l l iam s  ( 1 S6 7 ) 
found that  s o i l  temperature and s o i l  water  con ten t  a f f e c t e d  
sulphur m in e r a l i s a t i o n .  The optimum temperature was 
a p p ro x im a te ly  30°C w i th  a marked f a l l  o f f  in  m in e r a l i s a t i o n  
e x h ib i t e d  a t  10°C and an in te rm e d ia te  e f f e c t  a t  20°C. 
S i m i l a r l y ,  low m o is tu re  con ten t f lO  p e r c e n t )  and w a te r ­
l o g g i n g  decreased  the amounts o f  sulphur m in e ra l i s e d  w i th  
t im e .  The e f f e c t s  o f  added n i t r o g e n  ( i n  va r io u s  chem ica l  
fo rm s )  on ne t  sulphur m in e r a l i s a t i o n  in  two Canadian s o i l s  
has been s tud ied  (Kowalenko and Lowe, 1 978 ) .  The two 
s o i l s  e x h ib i t e d  c o n t r a s t in g  r e s u l t s  a l though  s i g n i f i c a n t  
i n t e r a c t i o n s  between s o i l ,  r a t e  o f  N a p p l i e d  and chemica l  
form o f  the sulphur were ob ta ined .  These f in d in g s  
in d i c a t e d  th a t  simple causa l  r e l a t i o n s h ip s  between a p p l i e d  
N and m in e r a l i s e d  sulphur cannot be made.
As a l r e a d y  b r i e f l y  mentioned, the sulphur conten t  o f  
added p la n t  m a t e r i a l  ( e . g .  manures and p la n t  r e s id u e s )  
d r a s t i c a l l y  a f f e c t e d  the a v a i l a b l e  sulphur supply  by 
m i n e r a l i s a t i o n  or im m o b i l i s a t io n  o f  sulphur. S tewar t  e t  
a l . ,  (1 965 ) suggested a c r i t i c a l  va lue  o f  0 .15  p e r cen t  
su lphur.  Thus o rgan ic  a d d i t i o n s  w i th  a sulphur content  
below 0.15 p e r c e n t  w i l l  r e s u l t  in  im m o b i l i s a t io n  o f  s o i l  
su lp h a te .  T h is  su b je c t  i s  e s p e c i a l l y  r e l e v a n t  to a r a b le  
s o i l s  r e c e i v i n g  l a r g e  N ,P ,K  a d d i t io n s  s in ce  a w iden ing  o f  
the r a t i o  o f  sulphur to o the r  p la n t  n u t r i e n t s  fa vou rs  
sulphur im m ob i l i s a t io n  p ro c e s s e s .
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S e v e r a l  workers have compared the r a t e s  o f  n i t r o g e n  
and sulphur m in e r a l i s a t i o n ,  but r e s u l t s  have v a r i e d  w i d e l y .  
S tewar t  and W h i t f i e l d  ( 1965 ) s t a t e  that  n i t r o g e n  and 
sulphur a re  p robab ly  m in e ra l i s ed  in the same r a t i o  as they  
occur in  the  s o i l  o rgan ic  m atter ,  a hypo thes is  supported by 
the r e s u l t s  o f  Ne lson  (1 961+). However Haque aM (1 972)
found th a t  f o r  West Ind ian  s o i l s  n i t r o g e n  and sulphur were 
n ever  r e l e a s e d  in  the r a t i o  e x i s t i n g  in  the  organ ic  m a t te r .  
S e v e r a l  o th e r  r e p o r ts  o f  t h i s  d i s p a r i t y  e x i s t  ^Barrow,
(1 961) ,  S w i f t  (1 977), White (1 959)]. Th is chan ge in  the 
n i t r o g e n : s u lp h u r  r a t i o  could be due to the two elements 
o c c u r r in g  in  d i f f e r e n t  f r a c t i o n s  o f  the  o r g a n ic  matter  
(F reney  and Stevenson, 1966 ) o r  to a i r  d r y in g  d i f f e r e n t i a l l y  
a f f e c t i n g  subsequent m in e r a l i s a t i o n  o f  each e lem ent.
Recent work by Xowalenko and Lowe ( 1 975) in d ic a t e d  that  
complex r e l a t i o n s h ip s  between C:N:S r a t i o s  and sulphur 
m i n e r a l i s a t i o n  e x i s t  and tha t  the  i n t e r - r e l a t i o n s h i p  o f  
C :N:S i s  a v i t a l  c o n s id e ra t i o n  when a s s e s s in g  the  su lphate  
su pp ly ing  power o f  the s o i l .  Other workers however,
( S w i f t ,  1977) do not p la ce  so much importance on 
e lem en ta l  r a t i o s .  S w i f t  (1 977) noted tha t  amounts o f  
su lphate  m in e ra l i s e d  d id not c o r r e l a t e  w ith  C:S or N:S 
r a t i o s .  I n  a d d i t i o n  sulphur v/as found to be l e s s  
m in e r a l i s a b l e  than e i t h e r  carbon or n i t r o g e n .  By 
examining C:N:S r a t i o s  o f  p a i r s  o f  permanent pas ture  s o i l s  
and c u l t i v a t e d  s o i l s  o f  the same s o i l  s e r i e s  i t  v/as shown 
tha t  the C:S r a t i o  and the N:S r a t i o  was s i g n i f i c a n t l y  
lov/er in  the a ra b le  s o i l s .  Th is  means that  l o n g  term
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c u l t i v a t i o n  has brought about a r e l a t i v e  enrichment o f  
sulphur in  the s o i l  o rgan ic  m atte r  and a d d i t i o n a l l y  showed 
th a t  sulphur was l e s s  s u s c e p t ib l e  to m i n e r a l i s a t i o n  than 
e i t h e r  C or N. The r e s u l t s  ob ta ined  f o r  seven p a i r s  o f  
s o i l s  suggested  that  t o t a l  sulphur would p ro v id e  the best  
i n d i c a t i o n  o f  a s o i l s  a b i l i t y  to m in e r a l i s e  sulphur.
V e ry  l i t t l e  i s  known o f  which f r a c t i o n  o f  o rgan ic  
sulphur i s  most s u s c e p t ib l e  to m i n e r a l i s a t i o n ,  but l o s s e s  
in  the  H l - r e d u c ib l e  f r a c t i o n  have been c o r r e l a t e d  w i th  
su lph a te  produced dur ing  m i n e r a l i s a t i o n  (Cooper ,  1 971 ) . 
B e t ta n y  e t  a l . ,  ( 1 97U) were however unable to  c o r r e l a t e  
m in e r a l i s e d  sulphur w i th  t o t a l  su lphur,  H i - r e d u c ib l e  
sulphur or  p e rcen t  o f  t o t a l  sulphur o c c u r r in g  as H I -  
r e d u c ib l e  su lphur.  Th is  i l l u s t r a t e s  once aga in  th a t  the 
e x i s t i n g  f r a c t i o n a t i o n  o f  s o i l  o rgan ic  sulphur i s  not 
e x a c t l y  r e l a t e d  to t rans fo rm at ions  in  the s o i l .
The f a c t  that  a i r  d r y in g  o f  s o i l  samples, p r i o r  to  
in cu b a t io n  s tu d ie s ,  in c rea se s  r a t e s  o f  sulphur 
m i n e r a l i s a t i o n  has been noted by many workers (Kowalenko a/vb 
L o w<=. , 1 975, W i l l i a m s ,  1967 and Barrow, 1 961 ) but no 
s a t i s f a c t o r y  reason ing  has been g iv en .  I t  has always been 
cons ide red  to  be due to the  B irch  e f f e c t ,  but i t  has been 
shown tha t  a i r  d ry in g  in troduces  sulphur t ran s fo rm a t ion s  
which a re  unre la ted  to m ic r o b ia l  a c t i v i t y  as measured by
CL
carbon d io x id e  e v o lu t i o n  (Kowlenko and Lowe, 197 5 ) .  Thus
A
i t  seems that  chemical or p h y s i c a l  agen ts  a re  p robab ly  
r e s p o n s ib l e  f o r  the l a r g e r  amounts o f  su lphate  e x t r a c t e d  
from d r i e d  s o i l s .  I t  i s  i n t e r e s t i n g  to note that
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W i l l i a m s  ( 1967 ) was unable to observe  a f l u s h  o f  sulphur 
m i n e r a l i s a t i o n  in  s o i l s  which had d r i e d  out n a t u r a l l y  in  
the f i e l d  over summer, whereas the co r respond ing  s o i l s  a i r  
d r i e d  in  the l a b o r a t o r y ,  e x h ib i t e d  a marked f l u s h  o f  
su lpha te  p roduc t ion  on incuba t ion .  An exp la n a t ion  f o r  
t h i s  cou ld  be tha t  f i e l d  d ry ing  was l e s s  seve re  which 
would l e s s e n  the B irch  and p h ys ic o -ch em ica l  e f f e c t s .
Barrow ( 1 9 6 1 ) found that sever i ty  of drying was d i r e c t ly  
p roport iona l  to the quantity of sulphate subsequently  
extracted .
2 .3 .3  The r o l e  o f  a r y l su lp h a ta se  in  s o i l  sulphur 
m i n e r a l i s a t i o n .
In  a d d i t i o n  to the m ic r o b i a l  m in e r a l i s a t i o n  o f  
su lphur,  s o i l  enzymes p o s s ib l y  c o n v e r t  s i g n i f i c a n t  amounts 
o f  o rga n ic  sulphur in to  a v a i l a b l e  fo rm s.  I n t e r e s t  in  
t h i s  p o s s i b i l i t y  began when Tabataba i  and Bremner (1 970) 
f i r s t  r ep o r ted  the presence o f  a r y lsu lp h a ta ses  in  Iowa
s o i l s .  These enzymes had been p r e v i o u s l y  w id e l y  r e p o r t e d
as o ccu r r in g  in p la n t  and animal t i s s u e ,  but n ever  b e f o r e  
in  s o i l s .  The h y d r o ly s i s  o f  a r y l  su lphates  by these  
enzymes can be rep resen ted  by the f o l l o w i n g  r e a c t i o n : -
RO S03"  + H20 - >  ROH + H+ + SO^
A method f o r  the d e te rm in a t ion  o f  a r y l su lp h a ta se  a c t i v i t y  in  
s o i l s  (Taba taba i  and Bremner, 1 970) was based on the 
c o l o r i m e t r i c  e s t im a t io n  o f  p -n i t r o p h e n o l  which i s  
r e l e a s e d  on enzymatic  h y d ro ly s is  o f  potassium n i t r o p h e n y l  
su lpha te  during incubat ion .  The same workers a lso
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i n v e s t i g a t e d  f a c t o r s  a f f e c t i n g  a r y ls u lp h a ta s e  a c t i v i t y  
and found th a t  a c t i v i t y  decreased  w i th  p r o f i l e  depth t o  a 
s im i l a r  degree  w i th  which o rga n ic  matter  a l s o  d ec reased .  
However, no c o r r e l a t i o n  between a c t i v i t y  and pH, t o t a l  
su lphur,  t o t a l  N, % sand or  % c l a y  was observed .  A i r  
d r y in g  o f  s o i l s  caused a s i g n i f i c a n t  r i s e  in  a c t i v i t y ,  an 
e f f e c t  a lso  observed  w i th  o th e r  s o i l  enzymes (Bremner, 
19^5)*  Oven d ry in g  at 105°C caused a marked dec rease  in  
a c t i v i t y ,  presumably due to a d en a tu r ing  e f f e c t  o f  heat on 
the enzymatic  p r o t e in .  A r y l s u lp h a ta s e  has a ls o  been 
s tu d ied  in  N i g e r i a n  s o i l s  (Cooper ,  1 971 ) and a c t i v i t y  was 
found to c o r r e l a t e  w i th  t o t a l  carbon, t o t a l  o rga n ic  
sulphur and e s p e c i a l l y  H l - r e d u c ib l e  sulphur.  These 
o b s e r v a t io n s  comply w ith  e x i s t i n g  knowledge o f  the H I-  
r e d u c ib l e  sulphur as a f r a c t i o n  c o n s i s t in g  o f  compounds in  
which sulphur i s  not d i r e c t l y  l in k e d  to carbon -  a s u i t a b l e  
s u b s t r a te  f o r  a r y l s u lp h a ta s e s . I t  was a ls o  observed  tha t  
w e t t in g  and d ry in g  c y c le s  reduced a c t i v i t y  and i t  was 
concluded that  a lthough a c t i v i t y  was c o r r e l a t e d  w i th  s o i l  
p r o p e r t i e s  seasona l  v a r i a t i o n s  might be dominant in  
in f lu e n c in g  a c t i v i t y  (however these  c l im a t i c  v a r i a t i o n s  are  
p a r t i c u l a r l y  s e ve re  in  N i g e r i a ,  where th is  work was 
p e r f o r m e d ) . The more r e cen t  work completed on t h i s  aspec t  
o f  sulphur m in e r a l i s a t i o n  sugges ts  that  a ry l s u lp h a ta s e  
could be much l e s s  s i g n i f i c a n t  than p r e v io u s ly  b e l i e v e d .  
Kowalenko and Lowe ( 1 975) noted tha t  a c t i v i t y  d e c l in e d  
s h a rp ly  dur ing  a 1 ¿4- month in cu b a t ion  pe r iod  a l though  
a c t i v i t y  was c o r r e l a t e d  w i th  0.1 5 percen t  CaClg
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e x t r a c t a b l e  sulphur. Lee and S p e i r  (1 979) compared the 
uptake o f  o r ga n ic  sulphur from tw e lve  s o i l s  by p e r e n i a l  
r y e g ra ss  w ith  su lphatase  a c t i v i t y .  T h e i r  f i n d in g s  showed 
a s i g n i f i c a n t  c o r r e l a t i o n  between su lphatase  a c t i v i t y  and 
o rgan ic  sulphur uptake a l though  an o rgan ic  sulphur r i c h  
s o i l  s t r o n g l y  in f lu enced  the c o r r e l a t i o n  ob ta in ed .  The 
workers s t r e s s  that  s ince  su lphatase  i s  l i k e l y  to be o n ly  
one o f  many enzymes o p e r a t i o n a l  during sulphur 
m in e r a l i s a t i o n  good c o r r e l a t i o n  i s  u n l i k e l y .  Indeed 
b iochem is ts  have i s o l a t e d  a wide range o f  sulphohydjolases 
from s o i l s  (Houghton and Rose,  1976 ) .  T h e r e fo r e  the 
s i g n i f i c a n c e  o f  s o i l  enzymes in  the m in e r a l i s a t i o n  process  
remains u nc lea r .
Another approach to the study o f  s o i l  sulphur 
m i n e r a l i s a t i o n  in v o l v e s  the use o f  pure m ic r o b ia l  
c o l o n i e s ,  such methods have been e x t e n s i v e l y  r e v iew ed  
(F r e n e y ,  Barrow and Spencer, 1 962', Whitehead, 1 964*, Preney  and 
S tevenson,  1 966j Preney, 1 967 ana Cooper 1 971 ) ana, s in ce  
l i t t l e  curren t  work i s  be ing c a r r i e d  ou t ,  w i l l  not be 
re v iew ed  here .  Most o f  the work has been c a r r i e d  out us ing  
c y s t i n e  and meth ion ine  as su b s t ra te s  p robab ly  because o f  
t h e i r  importance in  p lan t  and m ic r o b ia l  metabo l ism. Pure 
c u l tu r e  work i s  l im i t e d  as e x t r a p o l a t i o n  o f  r e s u l t s  to the 
s o i l  system i s  uncerta in  and hence l i t t l e  i s  known o f  the 
b io ch em ica l  pathways a s so c ia ted  w ith  m in e r a l i s a t i o n  o f  s o i l  
o rgan ic  su lphur.
To summarise, m in e r a l i s a t i o n  o f  sulphur compounds i s  
a lm os t  e n t i r e l y  due to the a c t i v i t i e s  o f  the m i c r o f l o r a  but
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s o i l  enzymes a long  w i th  p h y s i c a l  and chemica l  e f f e c t s  
cannot he ign o red .  S ince m ic r o b ia l  a c t i v i t y  p r o b a b ly  
predom inates ,  r a t e s  o f  m i n e r a l i s a t i o n  w i l l  be a f f e c t e d  by 
f a c t o r s  a f f e c t i n g  m ic r o b ia l  a c t i v i t y ,  e . g .  t em pera tu re ,  
w ater  con ten t  and pH. The r a t e  o f  m in e r a l i s a t i o n  i s  a l s o  
dependent on the nature and chemical  com pos i t ion  o f  the 
s u b s t r a t e ,  the sulphur content  and G: N: S r a t i o  o f  the 
su b s t ra te  b e in g  o f  p a r t i c u l a r  importance in  d e c id in g  
r e l a t i v e  r a t e s  o f  m in e r a l i s a t i o n  and im m o b i l i s a t io n .
2 . 14. The R e t e n t i o n  and Movement o f  S o i l  Sulphur
Sulphate i s  the form o f  sulphur which i s  most 
s u s c e p t i b l e  to l e a c h in g  due to i t s  s o l u b i l i t y  and n e g a t i v e  
cha rge .  S ince  th i s  i s  a lso  the  form o f  sulphur taken up 
by p l a n t s ,  su lphate  r e t e n t i o n  by the s o i l  improves the 
sulphur s ta tus  o f  s o i l s .  In  the  v a s t  m a jo r i t y  o f  s o i l s  
the in o r g a n ic  sulphur occurs a lmost e x c l u s i v e l y  as 
s u lp h a te .  For example Freney (1 96-1 ) showed that  l e s s  than 
1 p e r c e n t  o f  the t o t a l  s o i l  sulphur occurred  in  in o r g a n ic  
compounds l e s s  o x id is e d  than su lphate .  Low su lphate  
l e v e l s  have been f r e q u e n t l y  found in  su r face  h o r izon s  o f  
s o i l s .  Th is  o b s e r v a t io n  i s  p r e v a l e n t  in  a g r i c u l t u r a l  s o i l s  
o f  humid r e g io n s  s ince  they are v e r y  prone to l e a c h in g  
(Ensminger,  1 95^; Freney ,  1 9o1 ; W hite ,  1 959) - I t  i s  
because o f  these low  sulphate l e v e l s  that  rep len ishm ent  by 
o r g a n i c a l l y  combined sulphur by m in e r a l i s a t i o n  i s  so 
im por tan t ,  e s p e c i a l l y  where atmospheric  inputs o± sulphur 
a re  v e r y  low. S o i l s  o f  the more a r id  re g ion s  f r e q u e n t l y  
c o n ta in  sulphur p r e c i p i t a t e d  as calc ium su lphate  (gypsum)
43
which can accumulate in  the p r o f i l e ,  o f t e n  as a pan. Some 
in s o lu b l e  su lphates  have been found in the s o i l  such as 
b a ry t e s  (Ca irns  and R i c h t e r ,  19°0; W i l l i a m s  and S t e in b e r g  s ; 
1 962 ) but the va s t  m a jo r i t y  o f  su lphates  a re  w ate r  so lub le , ,
Prom the above in t r o d u c to r y  paragraph i t  i s  c l e a r  that  
su lphate  r e t e n t i v e  s o i l s  o f f e r  a d i s t i n c t  advantage to  the 
sulphur n u t r i t i o n  o f  the p l a n t .  S e v e r a l  ques t ions  a r i s e :
(a )  is  the adsorbed su lpha te  p lan t  a v a i l a b l e ?
(b )  hov/ s t r o n g l y  bound and by what means i s  the 
sulphur r e ta in e d ?
( c )  which s o i l  c o n s t i tu e n ts  a re  most important in  
r e t a i n i n g  sulphate?
(d )  can the management o f  s o i l  i n f lu e n c e  the 
c a p a c i t y  f o r  su lphate  r e t e n t i o n ?
2.4.1 The s o i l  c o n s t i tu e n t s  r e s p o n s ib le  f o r  su lphate  
a d s o rp t io n
E a r l y  work (Ensminger,  1954) found tha t  Alabama 
su r fa c e  s o i l s  showed l i t t l e  c a p a c i t y  f o r  su lpha te  r e t e n t i o n ,  
whereas most su b so i l s  could r e t a i n  some su lphate a g a in s t  
l e a c h in g .  S eve ra l  workers (Karnprath e t  a l .  . 1956, Hasan 
e_t a l .  , 1 970 and Haque and Walm sley , 1 973) n o t i c e d  that  
i n t e n s e l y  weathered s o i l s ,  such as those  found in the 
t r o p i c s ,  were capable  o f  c o n s id e ra b le  sulphate r e te n t io n , ,
T h is  type  o f  s o i l  con ta ins  k a o l i n i t e ,  and i r o n  and aluminium 
hyd rox id es  which are t y p i c a l  products  o f  in t e n s i v e  
w e a th e r in g .  Ensminger (1 954) found tha t  aluminium o x id e  
r e t a in e d  much more su lphate than d id  i r o n  ox id e s  w h i l e  
k a o l i n i t e  and baux i te  showed in te rm ed ia te  e f f e c t s .
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K a o l i n i t e  has been s tud ied  as a p o s s i b l e  s o i l  c o n s t i tu e n t  
r e s p o n s ib l e  f o r  su lphate  r e t e n t i o n  (Ensminger, 1 95U; 
Kamprath et  al_. , 1 956 ; Aylmore e_t a l .  , 1 967 ; Chao 1 962c . )  
S ince  the a d so rp t io n  o f  su lphate  onto K a o l i n i t e  has been 
shown to  be com p le te ly  r e v e r s i b l e  (Aylmore _et a l . . 1 967) 
the adsorbed su lphate  i s  p robab ly  a v a i l a b l e  to p l a n t s .
The same group o f  workers a l s o  found that  pH a f f e c t e d  
su lphate  a d s o rp t io n  onto k a o l i n i t e ,  w i th  a d s o rp t io n  
d e c r e a s in g  w i th  in c rea s in g  pH. Th is  compl ies  w i th  
e x i s t i n g  knowledge (Graham and Thomas, 194-7) tha t  1 :1 c l a y  
m in e ra ls  have a pH dependent charge w i th  p o s i t i v e l y  
charged s i t e s  formed by the h yd ra t ion  o f  hydroxy groups 
a t  low e r  pH v a lu e s .  The p o s i t i v e  s i t e s  thus deve loped  
a re  then e l e c t r o s t a t i c a l l y  balanced by an ions .  Organ ic  
m a t t e r  has a l s o  been in v e s t i g a t e d  as a p o s s ib l e  r e t a i n e r  
o f  su lphate  (Chao _et a l . ? i9 6 2 c^  Known r e t e n t i v e  s o i l s  
were s tud ied  b e f o r e  and a f t e r  the removal o f  o rgan ic  
m a t t e r .  I t  was found that on removing the o rgan ic  matter  
the a b i l i t y  o f  the s o i l  to r e t a in  su lphate  was reduced by
■eT
h a l f .  However, e a r l i e r  work (Chao^ 1 9o2u^,showed tha t  
some v e r y  o rgan ic  s o i l s  had almost no r e t e n t i o n  c a p a c i t y .  
T h e r e f o r e ,  the c o n t r ib u t i o n  o f  o rgan ic  matter  i s  u n c lea r  
p a r t i c u l a r l y  s ince  the  hydrogen p e ro x id e  o x id a t i o n  s tep  
used to remove the organ ic  m atter ,  could have reduced the 
c a p a c i t y  o f  some o the r  s o i l  components to r e t a i n  su lp h a te .  
A l t e r n a t i v e l y ,  the types  o f  o rgan ic  m atte r  a s s o c ia t e d  
w i th  d i f f e r e n t  s o i l s  may have d i f f e r i n g  a b i l i t i e s  to  
r e t a i n  su lpha te .
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Evidence i s  a v a i l a b l e  f o r  the a d s o rp t io n  o f  su lphate
by i r o n  and aluminium o x id e s .  Th is  has been demonstrated
by c o n s t r u c t in g  a d s o rp t io n  isotherms b e fo r e  and a f t e r  the
removal  o f  s esqu iox id es  from s o i l s ,  o r  by examining
l a b o r a t o r y  manufactured ox ides  (Ay lmore  .et a l .  , 1 967 ) .
De-a luminated  s o i l s  sorbed much l e s s  su lphate  and
d e f e r r a t e d  s o i l s  sorbed even l e s s .  (Chao e t  a l . , 1 962c)
However doubts are expressed about the amounts o f
su lpha te  removed and the s p e c i f i c i t y  o f  the e x t r a c t i n g
etaL;
r e a g e n ts .  Ay lm ore^ ( i  967 ) per formed a d s o rp t io n  and 
d e s o r p t i o n  s tu d ie s  on pure samples o f  haemat ite  and 
pseudoboehmite ( ^  AlgO-^ H20) and found tha t  Langmuir 
r e l a t i o n s h i p s  were obeyed and th a t  a d so rp t ion  maxima were 
d i r e c t l y  c o r r e l a t e d  w ith  s p e c i f i c  su r face  a rea .  Th is  
in d ic a t e d  th a t  s im i la r  a d s o rp t io n  mechanisms which r e l a t e d  
to su r fa c e  area  were in o p e ra t io n .  I t  was a d d i t i o n a l l y  
found th a t  the  process  o f  a d s o rp t io n  was c o m p le te ly  
i r r e v e r s i b l e  w i th  no d e s o rp t io n  from an
admixture  o f  i r o n  ox id e  and sand a f t e r  l e a ch in g  w i th  the 
e q u i v a l e n t  o f  20 inches o f  r a in .  The workers suggested  
th a t  the su lphate  could be u n a v a i l a b l e  to p l a n t s .
2 . U.2 Mechanisms proposed to e x o l a in  sulphate a d s o r p t i o n  
by s o i l s
S e v e r a l  workers have p o s tu la t e d  su lphate  a d s o rp t i o n  
mechanisms f o r  i r o n  and aluminium m inera ls  and 1 :1 c l a y  
m in e r a ls .  However the presen t  l i t e r a t u r e  o f f e r s  many 
c o n f l i c t i n g  v iew s  (Charuj and Thomas, 1 963; Chao e t  a l .  ,
1 962b) Chao e t  a l .  , 1 963; Aylmore e t  a l .  , 1 967 ) .  The
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a d s o rp t i o n  iso therm f o r  k a o l i n i t i c  m in era ls  shows two 
d i s t i n c t  a d s o rp t io n  r e g i o n s ,  which sugges ts  tha t  two 
e n e r g e t i c a l l y  d i f f e r e n t  s i t e s  a re  a v a i l a b l e  f o r  the 
a d s o r p t i o n  o f  su lphate  (Aylmore et  a l . , 1967 ) .  S ince  
the o rde r  o f  a dso rp t ion  o f  su lphate  onto  H+ sa tu ra ted  
c l a y  m in e ra ls  i s  k a o l i n i t e  > i l l i t e  > b e n t o n i t e ,  ( t h i s  
o rder  bears no r e l a t i o n s h ip  to  su r face  a rea )  c l a y  
s t r u c tu r e  must be in f lu e n c in g  a d so rp t io n .  The form o f  
the aluminium on the c la y  c r y s t a l  su r faces  was a l t e r e d  by 
a d ju s t in g  the pH o f  the ba th ing  s o lu t i o n  and a d s o rp t i o n  
isotherms were cons tructed  (Chao et a l .  , 1 962c). R esu l ts  
were compared w ith  an H+ exchange r e s in .  I t  was found 
that  the  r e s i n  adsorbed more sulphate w ith  inc reased  pH, 
y e t  the c l a y  m inera ls  adsorbed l e s s  w i th  increased  pHc 
This in d ic a t e d  tha t  the p o s i t i v e  s i t e s  c r ea te d  a t  low pH 
on the c la y s  were more important than the amphoteric 
aluminium complexes formed a t  h igher  pH v a lu e s .  Hydroxy l  
exchange s i t e s  were formed on the H+ r e s i n .  A f t e r  
e x t e n s i v e  work by Chao e_t a l . , (1 962c) the f o l l o w i n g  
su lpha te  a d s o rp t io n  mechanisms were suggested
(a )  An ion  exchange a t  the p o s i t i v e  s i t e s  on hydrous i r o n  
and aluminium or 1 :1 m in e ra ls  a t  low  pH v a lu e s .
(b )  C o - o r d in a t i o n  complexes between sulphate and hydroxy 
aluminium complexes.
( c )  S a l t  a d s o r p t i o n  ( th e  s imultaneous a d s o rp t io n  o f  
c a t i o n  and anion r e g a rd l e s s  o f  the f o r c e s  i n v o l v e d ) 0
( d )  An ion  exchange under s p e c i f i c  c on d i t io n s  when the 
amphoter ic  p r o p e r t y  o f  o rgan ic  matter  g i v e s  r i s e  to
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p o s i t i v e  s i t e s .  This an ion  exchange th eo ry  was 
l a t e r  t e s t e d  (Chao _et a l . , 1965 ) by the  same workers 
who made use o f  the f a c t  that  a pH r i s e  accompanied 
the  ad so rp t ion  o f  su lphate i f  the anion exchange 
model ( s e e  mass a c t i o n  equat ion  be low) a p p l i e d .
° H 2 -  /S o i l  + SO, i = 7  S o i l  SO, + 2 OH
OH 4
The workers found an increase  in  pH a f t e r  su lphate
a d s o r p t i o n  onto  r e t e n t i v e  s o i l s .  Th is  in c r e a s e  was more
pronounced when the s o i l  was a r t i f i c i a l l y  coated w i th  i r o n
2 -
ox id e  and when the SO^ c o n c en t ra t io n  in the l i q u i d  or
the  mass o f  s o i l  used was in c reased .  T h e re fo r e  they
conc luded  tha t  pH in c rease  rep res en ted  rep lacement o f  OH-
w i th  su lphate  i o n s 0 However, Chang and Thomas ( 1963 )
found no such s im i l a r  pH change to s u b s ta n t ia t e  the 
— P —
2 OH /SO^ ~ exchange m ode l0 Chao _et a l . .  (1 963) 
r e p o r t e d  the e f f e c t  o f  ca t ion s  on sulphate a d s o rp t i o n  by 
s o i l s .  The amount o f  su lphate  adsorbed, f o l l o w i n g  
s a t u r a t i o n  o f  the s o i l  w ith  a c a t i o n  was in  the o rd e r  
Al ->+ > Ca2+ > K+ (a d e c rea s in g  o rder  o f  v a l e n c y )  .
The in f lu e n c e  o f  ca t ion s  was probab ly  due to t h e i r  
e f f e c t  on pH but a d e f i n i t e  c a t i o n  e f f e c t  was found, 
p o s s i b l y  a t t r i b u t a b l e  to t h e i r  e f f e c t s  on z e ta  p o t e n t i a l s  
and an ion  r e p u l s i o n .
2ckc3 Sulphate ad so rp t io n  isotherms
S e v e r a l  workers have cons truc ted  a d s o rp t io n  iso therm s ,  
f o r  su lpha te  on s o i l  (Chao _e_t a l . , 1 S62b,cjHastyi jst a l . ,
197O ’, Pang e t  a l . ,  1 962; Haque and Walmsley, 1 973) o
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Chao _ejt aJL. ,  (1 962 b) e q u i l i b r a t e d  s o i l  w i th  5, 1 0 , 15, 20,
25 and 30 0 and found th a t  the su lphate  adsorbed
in c rea se d  l i n e a r l y  w i th  concen trâ t  ion in the e q u i l ib r iu m
s o lu t i o n  (up to 25 jdgS/g),  I f  a d so rp t io n  was s o l e l y  due
to an ion  a d so rp t ion  one would expect an a d so rp t io n  maximum
( c . P .  c a t i o n  exchange c a p a c i t y ) .  T h e r e f o r e  1 0 0 , 200,
300, U00 and 500 ^gSO^ -S/g s o lu t i o n s  were e q u i l i b r a t e d
w ith  a s o i l  o f  known r e t e n t i v e  q u a l i t i e s ,  but no
a d s o rp t i o n  maximum was found ( t h e r e f o r e  no d e f i n i t e  an ion
exchange c a p a c i t y  e x i s t e d ) . Only the data f o r  0 —̂  25 
2 « .
^gSO^ -S /g ,  obeyed a Langmuir p l o t .  Where g r e a t e r  
c o n c e n t r a t i o n s  o f  sulphate had been e q u i l i b r a t e d  the 
F r e u n d l i c h  r e l a t i o n s h i p  was observed .  Th is  aga in  
in d i c a t e d  no ad so rp t ion  maximum, and did l i t t l e  to 
e lu c id a t e  p o s s i b l e  a d so rp t io n  mechanisms. Us ing  a 
chromatographic  method, Pang e t  a l . ,  ( 1962 ) found tha t  
F r e u n d l i c h  type  equations he ld  f o r  weakly adsorb ing  so i l s  „ 
The iso therms obta ined suggested  tha t  two d i f f e r e n t  s i t e s  
o f  a d s o rp t i o n ,  each in  e q u i l ib r iu m  w ith  the o th e r ,  
e x i s t e d .  Haque and Walmsley ( 1  973) found tha t  the 
Langmuir equ a t ion  was f o l l o w e d  up to 1 00 j jgS/g  o f  added 
su lpha te  when a " 1s t  phase a d so rp t io n  maximum" was reached .  
Beyond t h i s  su lphate  c o n c e n t r a t i o n  o ther  s i t e s  w i th  a 
d i f f e r e n t  bonding energy might become importante Hasan 
e t  a l . , ( 1  970) adsorbed su lphate  onto s o i l s  at low  su lphate  
c o n c en t ra t io n s  and found a l i n e a r  r e l a t i o n s h ip  between l o g  
su lphate  c o n c e n t ra t io n  in  s o i l  s o lu t i o n  and su lphate  sorbed 
or desorbed (no h y s t e r i s  e f f e c t s  were r e p o r t e d ) „ Th is
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i so therm  is  v e r y  u se fu l  f o r  p r e d i c t i n g  the c a p a c i t y  and 
i n t e n s i t y  o f  the s o i l  to supply  a v a i l a b l e  sulphur to  
p l a n t s .  H ig h ly  weathered s o i l s  possessed  a h igh  
p o t e n t i a l  b u f f e r  c a p a c i t y  ( s t e e p l y  s loped  i s o t h e r m ) „
T h is  l i n e a r  r e l a t i o n s h i p  o n ly  he ld  up to 30 ^gS 0^ 21_ S/g 
c o n c e n t r a t i o n  and a " f i r s t  phase" a d so rp t io n  maximum 
could be c a l c u la t e d .  The same workers showed, us ing  pot  
s t u d i e s ,  tha t  p o o r l y  adsorb ing  s o i l s  needed h igh e r  ( >  20^4 
5/^, ) s o i l  s o lu t i o n  c o n c en t ra t io n s  o f  su lphate  than the
more r e t e n t i v e  s o i l s  where on ly  5 yigS/g was s u f f i c i e n t  to 
p r e v en t  p la n t  d e f i c i e n c i e s .
2 . k » k  D eso rp t ion  o f  su lphate  in s o i l s
I n t e r e s t  has been shown in  the  d e s o rp t io n  o f  su lphate
s in c e  the ease o f  d e s o rp t io n  a f f e c t s  the a v a i l a b i l i t y  o f
su lpha te  to p lan ts  and governs amounts l o s t  by l each ingo
S e v e r a l  workers have noted that  a p p l i c a t i o n s  o f  phosphate
dec reased  the a d s o rp t i o n  c a p a c i t y  o f  the s o i l  f o r  su lphate
(Snsm inger ,  1 95h; Kamprath^ 1 956; Chao e t  a l . ,  -\ 962a.) due
to a p r e f e r e n c e  f o r  the phosphate an ion  a t  the exchange
s i t e s .  These workers a l s o  noted that  l im in g  in c reased
the su lphate  c o n c e n t r a t io n  in  the l e a ch a te s  and reduced
the  su lphate  ad so rp t io n  c a p a c i t y  o f  the s o i l  (due to  a
l o s s  o f  p o s i t i v e  charges on 1 :1 type  c l a y  m in era ls  and
s e s q u i o x i d e s ) . The ease o f  su lphate  d e s o rp t io n  seems to
v a r y  g r e a t l y  w i th  s o i l  t ype .  For  example, Hasan et  a l . ,
a
(1 972) working w i th  Hawiian s o i l s  found complete 
r e v e r s i b i l i t y  o f  su lphate  a d s o rp t io n .  Aylmore et  a l .  ,
(1 967 ) r e p o r te d  complete i r r e v e r s i b i l i t y  when c o n s id e r in g
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pure pseudoboehmite and haem at i te .  This c o n t r a d i c t i o n  
was somewhat r e s o l v e d  by l a t e r  work (Sanders and T in k e r ,
1 975) which showed that  where s o i l  su lphate  r e t e n t i o n  
p r o p e r t i e s  were due to the p resence  o f  haem at i te ,  
c o m p le te ly  r e v e r s i b l e  a d so rp t io n / d eso rp t io n  was observed .  
However,  a study o f  the i s o l a t e d  haematite  showed 
c o m p le te ly  i r r e v e r s i b l e  su lphate  a d s o rp t io n ,  i n d i c a t i n g  
th a t  weathered s e squ iox id es  show l i t t l e  h y s t e r e s i s  betv/een 
a d s o r p t i o n  and d e s o rp t io n .  Th is  s i t u a t i o n  i l l u s t r a t e s  
the  problems o f  us ing pure, manufactured s o i l  components 
and e x t r a p o l a t i n g  back to the s o i l  system.
Barrow (1 9&7) found th a t  the  dec rease  in  e x t r a c t a b l e  
su lpha te  (which  inc luded  some adsorbed su lphate )  e x a c t l y  
ba lanced  p la n t  uptake as measured in a po t  exper iment .
This indicated that adsorbed sulphate was plant a v a i l a b l e .  
Such a conclusion has been reached by other workers 
(E lk in s  and Ensminger, 1 971)• P lant  a v a i l a b i l i t y  o f  
sulphate was used as a measure of the change in strength  
of  sulphate adsorption with time (Barrow and Shay/, 1 977)=. 
The work showed that sulphate became more strongly  bonded 
over a period o f  s ix  months as indicated by desorption  
techniques, sulphate concentration in s o i l  so lut ion  and 
p lant  a v a i l a b i l i t y o
2 . k »5 L each ing  l o s s e s  o f  sulphur from s o i l s .
The study o f  sulphate l e a c h in g  from s o i l s  i s  f r a u g h t  
w i th  exper im en ta l  d i f f i c u l t i e s  and problems o f  data 
i n t e r p r e t a t i o n .  Movement o f  sulphur down packed s o i l  
columns has been monitored by using sulphur-35 (Chao e t
a l . , 1962a^. These leaching experiments were designed to 
e luc idate  adsorption mechanisms but were discarded in  
favour of  e q u i l ib r a t io n  techniques. As expected; 
increased add it ion  of  water increased the movement o f  
sulphate down the column. However when the add it ion  of  
sulphate was increased, and only one quantity  o f  water 
app l ied ,  the pattern  o f  movement remained the same 
suggesting that reta ined sulphate was in k inet ic  
equ il ib r ium  with sulphate in  so lut ion .  The degree o f  
movement depended g rea t ly  on s o i l  texture and in the f i e l d ,  
s o i l  s t ructure  would a lso  be expected to influence  
movement. To accompdate the s o i l  s t ruc tu ra l  component 
undisturbed cores have been leached with water in the 
labo ra to ry  (P e v e r i l l  and Douglas, 1 976)0 Results  
indicated that up to 1 7 kgS/ha/yr could be leached from 
an unamended sandy podzol.  The monitoring o f  sulphate  
movement in the s o i l  has inherent p r a c t ic a l  d i f f i c u l t i e s  
as found by T i l l  and McCabe ( 1 976) who employed lys imeters  
in conjunction with sulphate-35* Their f ind ings  indicated  
small leach ing  losses  of sulphate from grazed pasture s o i l  
despite apparent to ta l  lo sse s  o f  23 kgS/ha/yr. However 
the workers stress  the l im ita t ions  o f  data drawn from 
lys im eter  studies (due to uneven f low  rates and edge 
e f f e c t s ) .  Hogg and Toxopeus ( 1 9 6 6 ) discovered apprec iab le  
lo sses  o f  applied sulphate (as  superphosphate),  w ithin  f o u r  
weeks o f  app l ica t ion ,  which amounted to 33—1 00 percent o f  
that app l ied .  This is in sharp contrast to the lys imeter  
r e s u l t s .  Gregg et a l . ,  (1 977) monitored the movement of
52
su lph a te -35  in  the f i e l d  and noted the e f f e c t  o f  s o i l  
type  on su lphate  movemento B a i l e y  ( 1 97U) examined the
d i s t r i b u t i o n  o f  a p p l ied  su lphate  (as  superphosphate )  two 
yea rs  a f t e r  a p p l i c a t i o n .  The low e r  a d d i t i o n  o f  su lphate  
(67  kgS/ha) showed accumulat ion  o f  su lphate  a t  40-50 cm 
depth d e s p i t e  37 kgS/ha be in g  removed by p la n ts  and an 
o v e r a l l  l o s s  from the s o i l  p r o f i l e  o f  1 4 kgS/ha„ O v e r a l l  
su lphate  l o s s e s  v a r i e d  from 14-41 kgS/ha o v e r  two y e a r s D
2 .4 .6  Sulphur l o s t  from s o i l  by v o l a t i l i s a t i o n
Another  t o p ic  which can be b road ly  c la s s e d  under the 
head ing  o f  sulphur movement i s  the l o s s  o f  sulphur from 
s o i l s  by v o l a t i l i s a t i o n .  When s tud ies  o f  sulphur 
m in e r a l i s a t i o n  are  per formed the sulphur p r e s e n t  a t  the 
o u ts e t  can u s u a l l y  be re cov e red  a f t e r  the p e r i o d  o f  
in cu b a t io n ,  but N icho lson  (1 970) found a net l o s s  o f  
sulphur which could not be a t t r i b u t e d  to  a n a l y t i c a l  e r r o r .  
I t  was p o s tu la t e d  that  these l o s s e s  could be due to 
sulphur v o l a t i l i s a t i o n  caused by m ic ro -o rgan ism s .  In  
the same year  independent work was c a r r i e d  out on the 
e v o lu t i o n  o f  v o l a t i l e  sulphur compounds from decomposing 
c r u c i f e r s  (cabbage ,  k a l e ,  mustard f o r  example) in  s o i l  
(L ew is  and P apav isa s ,  1 9 7 0 )o Such compounds as d im ethy l  
s u lp h id e ,  m e thane th io l  and d im ethy l  d isu lp h id e  were 
d e t e c t e d  by gas chromatography and chemical a n a l y s i s .  
However, no s im i l a r  compounds were d e te c te d  when corn 
re s id u es  were incubated w i th  s o i l o  Th is  work in d i c a t e s  
tha t  sulphur v o l a t i l i s a t i o n  might on ly  be s i g n i f i c a n t  
under v e r y  s p e c i f i c  c o n d i t i o n s .  The la ck  o f  an a c c u ra t e
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and s e n s i t i v e  a n a l y t i c a l  p rocedure  f o r  d e t e c t i n g  v o l a t i l e  
sulphur compounds hindered work in  t h i s  f i e l d ,  u n t i l  
Bremner orvA.£Wv«ut.(-1 97U) deve loped  a s u i t a b l e  gas 
chromatographic  techn ique .  I t  was found th a t  v o l a t i l e  
sulphur compounds were l i b e r a t e d  from s o i l s  incubated  
w i th  m eth ion ine  and c y s t in e  (Banwart and Bremner, 1 975cl). 
L a t e r ,  (Banwart and Bremner, 1 976b) bo th  unamended and 
su lpha te  t r e a t e d  s o i l s  were examined. R esu l ts  showed 
tha t  on ly  fou r  out o f  t w e n t y - f i v e  a e r o b ic  Iowa s u r fa c e  
s o i l s  l i b e r a t e d  v o l a t i l e  sulphur compounds. The amounts 
l i b e r a t e d  on ly  rep res en ted  t i n y  f r a c t i o n s  o f  the t o t a l  
s o i l  sulphur con ten t .  W a te r - lo gged  s o i l s  were a l s o  
s tu d i e d ,  but a ga in  l o s s e s  by v o l a t i l i s a t i o n  were i n ­
s i g n i f i c a n t .  N e a r l y  a l l  {90%) o f  the v o l a t i l i s e d  sulphur 
was i d e n t i f i e d  as d im ethy l  su lph ide  a l though  t ra c e s  o f  
ca rb on y l  su lph ide ,  methyl  mercaptan and d im ethy l  
d i s u lp h id e  were found. The workers concluded tha t  
gaseous lo s s e s  o f  sulphur from s o i l  were i n s i g n i f i c a n t .  
O ther workers have d e te c te d  the em iss ion  o f  - t
d i in e thy lsu lph ide  from a g r i c u l t u r a l  s o i l s  ( P a r w e l l ^  1 979 ) . 
There could be more sulphur v o l a t i l i s a t i o n  o c cu r r in g  in  
s o i l s  than was in d i c a t e d  by the measurement o f  v o l a t i l e  
sulphur compounds in  the f r e e  atmosphere above the  s o i l ,  
as s o i l s  can adsorb v o l a t i l e  sulphur compounds (Bremner 
and Banwart,  1 97oa,). Both a i r - d r i e d  and moist  s o i l s  sorb 
d im e thy l  su lph ide  and d im e th y l -a i s u lp h id e  a l though  the 
c a p a c i t y  f o r  a d so rp t ion  i s  much lo'.ver than f o r  sulphur 
d i o x id e  and methyl mercaptan. I t  ’was thought that  the
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m ic r o b ia l  p o p u la t io n  o f  the s o i l  was p a r t l y  r e s p o n s ib l e  
f o r  the s o r p t i o n  and the work showed th a t  the  s o i l  was a 
l a r g e  p o t e n t i a l  s ink f o r  env ironmenta l  p o l l u t a n t s .  The 
s i g n i f i c a n c e  o f  sulphur l o s t  by v o l a t i l i s a t i o n  remains 
unc lea r  and fu r t h e r  i n v e s t i g a t i o n  on a w id e r  range o f  s o i l  
types  i s  needed.
To summarise; the movement, r e a c t i o n s  and a d so rp t io n  
o f  sulphur occurs predominant ly  as su lphate .  Thus, i t  
i s  v i t a l  f o r  the s o i l  to  have an adequate ready supply 
and s u f f i c i e n t  r e s e r v o i r  o f  su lpha te  in  the  r o o t i n g  zoneD 
The l a r g e s t  r e s e r v o i r  o f  sulphur i s  o rgan ic  m a t te r ,  but 
where t h i s  is  small  o r  m in e r a l i s a t i o n  r a t e s  a re  low the 
importance o f  adsorbed su lphate  in c r e a s e s ,  e s p e c i a l l y  in  
humid a g r i c u l t u r a l  s o i l s  which c o n ta in  v e r y  low  
co n c en t ra t io n s  o f  sulphate in the s o i l  s o l u t i o n .  Thus,
adsorbed su lphate  i s  an important source o f  p la n t
a v a i l a b l e  su lphur,  the q u a n t i t y  o f  which depends on the 
m in e ra l  com pos i t ion  o f  the s o i l ,  s o i l  pH, s o i l  
management p r a c t i s e s  (such as l im in g  and phosphat ic  
f e r t i l i s a t i o n )  and r a t e s  o f  l e a c h in g .
205 The Assessment o f  S o i l  Sulphur Status
The e v o lu t i o n  o f  methods used to  assess  s o i l  sulphur 
s ta tu s  has been s im i l a r  to that  f o r  n i t r o g e n .  T h is  i s  
because the major r e s e r v e  o f  both  elements i s  the s o i l
o r g a n ic  m a t te r .  Methods examined have inc luded
e x t r a c t i o n  o f  s o i l  sulphur by va r io u s  s o l v e n t s ,  in cu b a t ion  
o f  s o i l  samples, assay based on m ic r o b ia l  g row th ,  p la n t
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grov/th and com pos it ion .  R esu l ts  are then s t a t i s t i c a l l y  
ana lysed  w i th  the aim o f  e s t a b l i s h in g  a p o s i t i v e ,  
s i g n i f i c a n t  c o r r e l a t i o n  between, f o r  example, n u t r i e n t  
uptake and n u t r i e n t  e x t r a c t e d .  I t  was soon r e a l i s e d  
that  the measurement o f  t o t a l  sulphur was q u i t e  inadequate  
as an index  o f  a v a i l a b l e  sulphur (B a rd s le y  and L a n c a s te r ,  
i 9 6 0 ) .  In  l i g h t  o f  p resen t  knowledge t h i s  would be 
expec ted  s in ce  the p rop o r t ion s  o f  u n a v a i l a b l e  and 
a v a i l a b l e  sulphur we re not de term ined .  S ince t o t a l  
sulphur showed no p r o m is e } emphasis was p la c ed  on the use o f  
e x t r a c t a n t s  and subsequent measurement o f  sulphur 
e x t r a c t e d .  Here aga in  problems e x i s t e d ,  f o r  in s tance  i t  
was soon found that  sample p r e p a ra t i o n  g r e a t l y  a f f e c t e d  
the  amount o f  sulphur e x t r a c t e d  by one p a r t i c u l a r  
e x t r a c t a n t .  A i r  d ry ing  was found to in c rea se  amounts o f  
e x t r a c t a b l e  sulphur (Barrow, 1 96l ; F reney ,  1 958;
W i l l i a m s  and S te in b e rg  s ,  1 959) hut even now t\o 
s tand ard is ed  procedure f o r  the c o l l e c t i o n  and p r e p a r a t i o n  
o f  s o i l  samples has been e s t a b l i s h e d D
E a r l y  work (W i l l ia m s  and S t e in b e r g s ,  195S) had f a i l e d  
to  f i n d  an e x t r a c ta n t  ( 0 o1N sodium hydrox ide ,  H I - r e d u c ib l e  
su lpha te  were t r i e d )  which removed q u a n t i t i e s  o f  sulphur 
wh ich  c o r r e l a t e d  w ith  y i e l d s  and l e d  these workers to 
b e l i e v e  tha t  some l a b i l e  o rgan ic  f r a c t i o n  might be 
u s e f u l l y  measured« Thus, "heat  s o lu b le  sulphur" was 
d eve lop ed  v/hich measured water  s o lu b le  su lphate  a f t e r  
b o i l i n g  s o i l  samples in water  f o r  one hour. T h is  
in c rea se d  su lphate r e l e a s e  was b e l i e v e d  to be a measure o f
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the  e a s i l y  m in e r a l i s a b l e  or l a b i l e  s o i l  su lphur and 
c o r r e l a t e d  b e t t e r  w i th  p la n t  y i e l d s .  Subsequent work, 
however ,  has tended to ignore  t h i s  methodQ
A g r e a t  v a r i e t y  o f  e x t r a c ta n t s  have been examined, 
but s in c e  our knowledge o f  the nature o f  s o i l  sulphur i s  
l i m i t e d  such methods are ra th e r  haphazard s ince  va r io u s  
p r o p o r t i o n s  o f  unknown f r a c t i o n s  o f  s o i l  sulphur a re  
e x t r a c t e d .  T h e r e f o r e ,  an e x t r a c ta n t  which might p rove  
u s e fu l  f o r  a s o i l  c on ta in in g  much adsorbed su lphate  might 
be t o t a l l y  inadequate f o r  a s o i l  where most o f  the  sulphur 
occurs in  the organ ic  f r a c t i o n .  Such e x t r a c t i o n  
p rocedu res  a re  s t i l l  be ing  examined but w i l l  not cease to  
be e m p i r i c a l  u n t i l  s o i l  sulphur f r a c t i o n s  a re  i s o l a t e d  
and c h a r a c t e r i s e d .  However, such e m p ir ic a l  approaches 
have, to some e x t e n t ,  been u s e fu l  in  e s t im a t in g  the  s o i l s ’ 
a b i l i t y  to p rov id e  a v a i l a b l e  sulphur 0
K i lm e r  and Nearpass ( i  960) found th a t  the best  
measure o f  a v a i l a b l e  sulphur was the s o i l  sulphur 
e x t r a c t e d  by 0 o5 M sodium b ica rbona te  (a d ju s ted  to  pH 8 . 5 ) »  
A l though  the workers were unsure o f  the forms o f  sulphur 
e x t r a c t e d ,good c o r r e l a t i o n  between e x t r a c t a b l e  sulphur and 
sulphur "A" va lu es  was ob ta in ed ,  ( "A "  va lu es  a re  ob ta in ed  
in  the greenhouse and r e f e r  to the uptake o f  s o i l  a p p l i e d  
su lphur-35 )o  The e x t r a c t e d  s o i l  sulphur was measured by 
the method o f  Johnson and N i s h i t a  (1952 ) ,  and t h e r e f o r e  
H I—r e d u c ib l e  o rgan ic  sulphur forms, in  a d d i t i o n  to  
e x t r a c t e d  su lphate  were measured. I t  i s  l i k e l y  th a t  the 
0.5M NaHCCU a t  pH 8o5 removed o r g a n i c a l l y  combined and
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adsorbed su lphate  which could account f o r  the good 
c o r r e l a t i o n  oo ta in ed  above ( e s p e c i a l l y  i f  the e x t r a c t e d  
o rg a n ic  sulphur was r e a d i l y  m i n e r a l i s a b l e ) .
In  A u s t r a l i a  s e v e r a l  p rocedures  f o r  the d e t e r m in a t i o n  
o f  s o i l  sulphur s ta tus  were compared (Spencer and F reney ,
1 960 ) and the best  c o r r e l a t i o n s  w i th  p la n t  dry m atter  
y i e l d s  were ob ta ined  us ing  an e x t r a c t a n t  o f  potassium
above e x t r a c t a n t  c o r r e l a t e d  w i th  p la n t  y i e l d s  b e t t e r  than 
the "h e a t  s o lu b le  sulphur" method, ho t  and co ld  water  
e x t r a c t a d l e  sulphur, t o t a l  su lphur,  a c e t a t e  e x t r a c t a b l e
c o r r e l a t i o n  was due to the a b i l i t y  o f  th e  phosphate to  
e x t r a c t  adsorbed su lph a te .  Th is  im p l ied  tha t  adsorbed 
su lpha te  was a t  l e a s t  p a r t l y  a v a i l a b l e ,  a new concept  a t  
th a t  s t a g e .  Of a lmost equal p r e c i s i o n  was the m ic ro ­
b i o l o g i c a l  assay technique which in v o l v e d  the use o f  the 
fu n g a l  s p e c ie s  A s p e r g i l l u s  n i g e r . More r e c e n t l y  ano ther  
s i m i l a r  assay which used the  a l g a l  s p e c ie s  Hostoc s p. v/as 
found to be use fu l  "as  a gu ide to  a g r i c u l t u r a l  f e r t i l i s e r  
recommendations" (Tchan e t  a l . , 1 9&3)• The a l g a e  were 
found to be ab le  to u t i l i s e  su lpha te ,  c y s t e in e  and 
m e th ion in e .  These m i c r o b i o l o g i c a l  assays seem 
t h e o r e t i c a l l y  i d e a l  f o r  e v a lu a t in g  a v a i l a b l e  sulphur 
s u p p l i e s  as th e re  i s  e v e ry  l i k e l i h o o d  that  sulphur 
a v a i l a b l e  to these  m icro-organisms w i l l  a l s o  be a v a i l a b l e  
to  p l a n t s ,  even though our knowledge o f  s o i l  sulphur forms 
w i l l  not be in c reased .  However, r e c en t  work has e i t h e r
d ihydrogen  phosphate The
a
su lphur ,  H I - r e d u c ib l e  sulphur and r e s e r v e  sulphur.
I t  was concluded th a t  t h i s  su p e r io r
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o v e r l o o k e d  t h i s  method or a l t e r n a t i v e l y  has d i s r e g a r d e d  
i t  f o r  p r a c t i c a l  reasons »
The f in d in g s  o f  Fox _et a l . , (1 9&0 agreed  w i th  
p r e v io u s  work (Spencer and F reney ,  1 960 ) which found 
tha t  mono-calc ium p h o s p h a te - e x t ra c t e d  sulphur c o r r e l a t e d  
b es t  w i th  sulphur "A" v a lu e s .  The ca lc ium s a l t  o f  
phosphate was found to be p r e f e r a b l e  f o r  p r a c t i c a l  
reasons s in ce  no t u r b i d i t y  a f t e r  f i l t e r i n g  s o i l  e x t r a c t s  
was ob se rv ed .  Th is  enabled rap id  tu rb id o m e t r i c  methods 
to  be employed and a l s o  increased  the accu racy  o f  the 
Johnson and N is h i t a  method / e r r o r s  a re  incurred  when 
s o i l  c o l l o i d s  are p resen t  (F ren ey ,  1 957/7° I t  was a ls o  
found (P ox  _et a l . ,  ^^£>K) tha t  water  e x t r a c t a b l e  sulphur 
(m a in ly  su lphate )  p rov id ed  a good measure o f  the sulphur 
s ta tu s  o f  some U .S .A .  s o i l s .  However,  Barrow ( 1  961 ) 
b e l i e v e d  tha t  water  s o lu b le  sulphur o v e r - e s t im a t e d  
amounts o f  a v a i l a b l e  s o i l  sulphur s in ce  sulphur was 
e x t r a c t e d  by w a te r  from s o i l  incubated w i th  p lan t  
m a t e r i a l ,  p r e v i o u s l y  shown to im m ob i l ise  a v a i l a b l e  
su lphur.  As a r e s u l t  0 d 5  p e rcen t  ca lc ium c h lo r id e  
s o l u t i o n  vras s e l e c t e d ,  which e x t ra c t e d  l e s s  sulphur than 
the w a te r .  Calcium c h l o r i d e  was found to r e c o v e r  a l l  
su lpha te  added to s o i l s  excep t  where a c o n s id e ra b le  
s e s q u io x id e  content  was p resen t  (Barrow, 1961)0  Th is  
n e u t r a l  s a l t  s o lu t i o n  has been shown to  c o r r e l a t e  v/ell 
w i th  p la n t  growth (W i l l i a m s  and S t e i n b e r g ' s ,  1959) 
a l thou gh  i t  does not determine adsorbed sulphate 
(Ensminger and Freney ,  1 9 6 6 ) .
A lthough  water has proved to be a u s e fu l  e x t r a c t a n t  
f o r  sulphur sta tus  assessment (Fox _et a l . , 1964) many 
s o i l s  c o n ta in  so l i t t l e  su lpha te  (which c o n s t i tu t e d  
p r a c t i c a l l y  a l l  the w a te r  s o lu b le  sulphur) tha t  poor 
c o r r e l a t i o n s  should be o c c a s i o n a l l y  expectedo
V a r iou s  g u id e l in e s  f o r  i n d i c a t i n g  sulphur d e f i c i e n c y  
have been sugges ted ,  f o r  in s tance  Fox jst a l .  , (1 964) 
proposed  tha t  where 0-6 ^ugS/g s o i l  o f  ca lc ium phosphate 
e x t r a c t a b l e  s o i l  sulphur was o b ta in ed ,  response to added 
su lphur was assured .  S i m i l a r l y ,  in  the  range 6-1 0 ^gS/g  
sulphur a p la n t  y i e l d  response was p o s s i b l e  and when more 
than 1 v/as e x t r a c t e d  a response was u n l i k e l y .
However, these  g u id e l in e s  were proposed on the b a s is  o f  
p o t  exper iments  w i th  a l f a l f a ,  a p a r t i c u l a r l y  deep r o o t i n g  
s p e c i e s  which might respond to sulphur d i f f e r e n t l y  to 
o th e r  crops in  the f i e l d 0
P r e v i o u s l y  u n tr ied  e x t r a c t in g  r e ag en ts  were 
in v e s t i g a t e d  in the U .S .A .  in  con ju n c t ion  w i th  X - ray  
em iss ion  spec t rog raphy  f o r  measuring amounts o f  sulphur 
e x t r a c t e d  (R ob e r ts  and K o e h le r ,  1968 ) 0 Th is  method 
measured t o t a l  sulphur in the e x t r a c ta n t  r a th e r  than 
su lph a te -su lphu r  which i s  more commonly determined ( a f t e r  
F reney ,  1 9 5 7 )o A c u r v i l i n e a r  r e l a t i o n s h i p ,  w i th  good 
c o r r e l a t i o n ,  was ob ta ined  between t o t a l  sulphur in  wheat 
tops  and sulphur e x t r a c t e d  by 5 mM magnesium c h l o r i d e .  
Molar  l i t h iu m  c h lo r id e  was a ls o  t e s t e d  and proven 
s a t i s f a c t o r y  in  c on ju n c t ion  w i th  the Johnson and N i s h i t a  
method ( i  952) *
ó 0
A p p a re n t l y  the use o f  Morgans e x t r a c ta n t  s t i l l  
con t inues  but,  s in c e  the s o lu t i o n  c o n s i s t s  o f  N sodium 
a c e t a t e  ad ju s ted  to pH if-.8 , m is l e a d in g  r e s u l t s  w i l l  be 
ob ta in ed .  Th is  i s  because a t  lower  pH va lu es  in c reased
Q
a d s o rp t i o n  o f  su lphate  by s o i l s  has been noted (Ensminpr, 
1 95k )o
Y e t  another e x t r a c t a n t  which has been long  acc la im ed  
i s  n e u t r a l  ammonium ace tate(ttcC lung _et a l . ,  1959)•  T h is  
r e a g e n t  e x t r a c t s  f r e e  su lpha te -su lphur  p lus  some 
o r g a n i c a l l y  combined sulphur. The r e a g en t  was found to 
be s a t i s f a c t o r y  by Spencer and P reney  ( 1960 ) f o r  some 
A u s t r a l i a n  s o i l s ,  but has not  proved popu lar  amongst 
r e c e n t  w o rk e rs0
B a r d s le y  and Lancas te r  (1 9o0) have proposed the use 
o f  a f r a c t i o n  known as " r e s e r v e  su lphur"  to es t im ate  
sulphur s t a tu s .  Th is  f r a c t i o n  i s  e s s e n t i a l l y  the t o t a l  
o r g a n ic  sulphur (Cooper ,  1 971 ) and t h e r e f o r e  o v e r ­
es t im a tes  the  sulphur taken up by p la n ts  in  a growing 
season. S ince  good c o r r e l a t i o n s  were ob ta ined  w i th  
sulphur uptake by wh ite  c l o v e r  the " r e s e r v e  sulphur" may 
be a good measure o f  the l o n g  term supply o f  a v a i l a b l e  
sulphur»
Sulphur s ta tus  p r e d i c t i o n  should be improved by 
measuring the s o i l s  c a p a c i t y  to m in e r a l i s e  o rgan ic  
sulphur to  su lphate  ( i n  a s im i l a r  manner to the methods 
used f o r  n i t r o g e n  s ta tus  assessment ) 0 Such an approach 
has been adopted by Harward e t  a l . , ( i  962) who ach ieved  
good c o r r e l a t i o n  between e x t r a c t a b l e  sulphur p lus  r e a d i l y
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m in e r a l i s a b l e  sulphur (measured by in cu b a t ion  methods) 
and p e rcen tage  p la n t  y i e l d  in c r e a s e .
R e c e n t l y ,  sulphur s ta tus  p r e d i c t i o n  has been 
improved by tak ing  in to  account o th e r  s o i l  p r o p e r t i e s  
w i th  the sulphur measurement0 I t  was found (Barrow,
1 969) that  when the s o i l s  a b i l i t y  to adsorb su lphate  was 
added to the m u l t i p l e  r e g r e s s i o n  v e r y  good c o r r e l a t i o n s  
were ob ta ined  w i th  p lan t  sulphur u p tak e 0 S i m i l a r l y ,
H o e f t  e t  a l . , (1 973) a ttempted to improve c o r r e l a t i o n s  by 
in c lu d in g  s o i l  p r o p e r t i e s  such as % o rgan ic  m a t t e r ,  % 
sand, % s u b s o i l  su lpha te -su lphur  and pH. They found that  
on ly  pH improved the p r e d i c t i o n  o f  y i e l d  response to  added 
su lphur.  T h is  su b s ta n t ia t e s  the p r ev iou s  work (Barrow,
1 969 ) as i t  was w e l l  known tha t  pH and su lphate  
a d s o rp t io n  c a p a c i t y  ctr-e v e r y  much i n t e r - r e l a t e d  
(Ensminger, 1 95^ ) o
Problems o f  using e x t r a c ta n t s  w i th  both g y p s i f e r o u s  
and ses qu iox id e  r i c h  s o i l s  have been noted by s e v e r a l  
workers ,  e . g .  Spencer and Preney  (1 960) ; R ob e r ts  and 
K o e h le r  ( 1968)0  When phosphate s o lu t i o n s  were used in  
c o n ju n c t ion  w i th  g y p s i f e r o u s  s o i l s ,  under -es t im ates  o f  
a v a i l a b l e  sulphur were ob ta ined  because phosphate 
depressed  the  s o l u b i l i t y  o f  ca lc ium su lphate ,  much o f  
which i s  a v a i l a b l e  to p lan ts  by s o lu t i o n .  However, these  
same phosphate s o lu t i o n s  were most su i t e d  to  measuring 
the  sulphur s ta tus  o f  s esqu iox id e  r i c h  s o i l s  (such  as 
l a t o s o l s )  where most o f  the a v a i l a b l e  sulphur was in  the  
adsorbed form . However, a l though  l i t t l e  d i r e c t  e v id ence
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i s  a v a i l a b l e  in d i c a t in g  th a t  adsorbed su lpha te  was p la n t  
a v a i l a b l e  (bu t  r e g r e s s io n s  are  improved by a d d i t i o n  o f  
f a c t o r s  in f lu e n c in g  a d s o rp t i o n  (Barrow, i 969; R ober ts  
and K o e h l e r ,  1 968 ) ) .  V e ry  poor  c o r r e l a t i o n s  were ob ta ined  
when such s o i l s  were e x t r a c t e d  w ith  n e u t r a l  s a l t s  
in cap ab le  o f  d i s p la c in g  adsorbed su lphate  (Rober ts  and 
K o e h l e r , 1 968)„
Sulphur d e f i c i e n c y  can a l s o  be d iagnosed by p la n t  
a n a l y s i s .  Th is  method would seem id e a l  as th e re  a re  no 
dangers o f  measuring n o n - a v a i l a b l e  sulphur f r a c t i o n s  as 
i s  v e r y  l i k e l y  w i th  s o i l  a n a l y s i s .  A l s o  a l l  s o i l  
p r o p e r t i e s  (such as r e s i s t a n c e  to r o o t  growth or  l im i t e d  
a v a i l a b l e  w a te r )  a re  taken in to  c o n s id e r a t i o n  when 
sulphur taken up by p la n ts  i s  measured. However,  the 
major  problem o f  the method i s  th a t  i t  a ssesses  sulphur 
d e f i c i e n c y  a f t e r  i t  has a c t u a l l y  occurred in the  p la n ts ,  
by which time rem ed ia l  a c t i o n  cou ld  be too l a t e  to 
e l im in a t e  y i e l d  r ed u c t ion s  (Ensminger and F reney ,  ' i960 ) .  
Thus, s o i l  a n a l y s i s  methods have the advantage in  tha t  
th e y  can p r e d i c t  the d e f i c i e n c y  whereas p la n t  a n a l y s i s  
can on ly  con f i rm  the d e f i c i e n c y  once i t  has occurred., I t  
has been sugges ted  that  sulphur d e f i c i e n c y  symptoms a re  
seen in  p la n ts  which have a N:S r a t i o  g r e a t e r  than 20 or 
c o n ta in  l e s s  than 0 . 2% sulphur in  t h e i r  dry w e igh t  
(C ow l ing  and Jones ,  1970).  S im i l a r  c r i t i c a l  l e v e l s  o f  
su lphur have been r e p o r te d  in  the l i t e r a t u r e  f o r  a wide 
range  o f  crops (F reney  _et ajL 0 , 1 962) 0
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To conc lude,  i t  seems that  both s o i l  a n a l y s i s  and 
p la n t  a n a l y s i s  a re  u s e fu l ,  but a re  b es t  used t o g e t h e r  to 
complement each o th e r .  This i s  because a f e r t i l i s e r  
programme can o n ly  be planned in  advance on the b as is  o f  
s o i l  a n a ly s i s  w i th  the f e r t i l i s e r  e f f e c t i v e n e s s  b e in g  
m on ito red  by p la n t  a n a l y s i s .  F i v e  main types  o f  
e x t r a c ta n t  have been proposed ; those c o n ta in in g  
phosphate which w i l l  d i s p la c e  some adsorbed su lp h a te ,  
those w i th  a pH g r e a t e r  than 7 which v/ i l l  h yd ro ly se  some 
o rg a n ic  sulphur,  those  c o n ta in in g  a c e t a t e ,  n e u t ra l  s a l t  
s o lu t i o n s  and w a te r .  Based on l i t e r a t u r e  r e p o r t s  to  
d a t e ,  phosphate s o lu t i o n s  show the most promise in  
a c c u r a t e l y  measuring sulphur s t a t u s .  Taking in t o  
c o n s id e r a t i o n  p resen t  knowledge the b e s t  measure o f  
sulphur s ta tus  must inc lude  both measures o f  adsorbed 
su lp h a te ,  and ready m in e r a l i s a b l e  sulphur,  e s p e c i a l l y  f o r  
most humid r e g i o n  s o i l s ,  where much sulphur i s  made p la n t  
a v a i l a b l e  by the m in e r a l i s a t i o n  o f  s o i l  o rgan ic  su lphur .
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3. MATERIALS AND METHODS
3 . 1  S o i l s
3.1 .1 S o i l s  o f  the F i e l d  T r i a l  S i t e s
The two s i t e s  s e l e c t e d  f o r  sulphur balance s tu d ie s  
in  B e r w ic k s h i r e , S .E. Sco t land  (Blackadder-rn ount Farm,
NT Ô5553U and Dykegatehead Farm, NT 875517) were both on 
the Whitsome s e r i e s  s o i l .  These s o i l s  a re  c lassed  as 
brown f o r e s t  s o i l s  and are  loams o f  h igh  na tu ra l  
f e r t i l i t y  w i th  im p er fe c t  d ra inage  (Ragg ,  1 960 ) .  A t  both 
s i t e s  a r o t a t i o n a l  system o f  g rass  and c e r e a l s  v/as 
p r a c t i s e d .
B o gh a l l  Farm (NT 2b9ô5k)  was the s i t e  o f  s im i l a r  
sulphur ba lance  s tud ies  in  the Edinburgh a r e a .  The s o i l
here was o f  the  E as te r  Bush s e r i e s  which i s  an 
im p e r f e c t l y  dra ined brown ea r th  d e r i v e d  from f l u v i o -  
g l a c i a l  sands and g r a v e l s .
The sulphur response f i e l d  t r i a l s  in  the West o f  
S co t land  were se t  up a t  C r ich ton  Farm, Dumfries (NX 
978738) and Woodhead Farm, Dumfries (NY 223679).  The 
s i t e  a t  C r i c h to n  Farm was on C r ich to n  s e r i e s ,  a f r e e l y  
d r a in in g  s o i l  d e r i v e d  from Permian sandstones and 
cong lom era tes .  The s o i l s  o f  Western  D um fr iessh ire  have 
y e t  to be surveyed and no d e t a i l e d  in fo rm a t ion  about the 
s o i l s  a t  Woodhead Farm was a v a i l a b l e .  However the t r i a l  
s i t e  was on im p e r f e c t l y  dra ined  sandy c la y  loam w i th  a 
h i s t o r y  o f  a g rass  c o n s e rv a t io n / fo ra g e  c e r e a l s ,  r o t a t i o n a l  
p r a c t i s e .
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3 . 1 . 2  S o i l s  used in  Po t  Experiment I .
S o i l s  from the two B e rw icksh ire  farms were used in  
t h i s  exper iment .  The s o i l  was sampled from a lo n g s id e  
the exper im en ta l  p l o t s  from a depth o f  0-25  cm , a i r  
d r i e d  and passed through a 2 mm s i e v e .
3.1 .3 S o i l s  used in  Po t  Experiment I I
Th is  po t  experiment employed s o i l s  c o l l e c t e d  from 
the a g r i c u l t u r a l  r e g ion s  o f  sou th -eas t  S co t land .  Tab le  1 
l i s t s  some bas ic  s o i l  p r o p e r t i e s  o f  the n ine  s o i l s ,  in  
a d d i t i o n  to r e f e r e n c e s  where more d e t a i l e d  in fo r m a t io n  on 
each s o i l  can be ob ta ined .  A l l  s o i l s  were c o l l e c t e d  
from a depth o f  0-20  cm , a i r  d r i e d ,  passed through a 
2 mm s i e v e  and s to red  in  p l a s t i c  buckets .
3.1 .U S o i l s  used in g ene ra l  in cu b a t ion  s t u d i e s .
( S e c t i o n s  ¿i.U.1 -1+.U.6)
F i v e  s o i l s  were s e l e c t e d  to  p ro v id e  a wide range o f  
t o t a l  sulphur l e v e l s ,  C:3 r a t i o s  and o rgan ic  carbon 
c o n t e n t s : -  v i z .  Whitsome, Hobkirk ,  Hexpath, L inhope and 
an unnamed ca lca reous  p e i o s o l .  B r i e f  p e d o l o g i c a l  
d e s c r i p t i o n s  and c o l l e c t i o n  s i t e  d e t a i l s  can be found in  
T a b le  2. A l l  the s o i l s  were c o l l e c t e d  from a depth o f  
0-20 cm except  f o r  the Hexpath s e r i e s  which was sampled 
f rom  6—18 cm . T h is  was to a vo id  the peaty  top such 
tha t  the  m inera l  A h o r izon  o n ly ,  was sampled. A l l  s o i l s  
were a i r —d r i e d ,  passed through a 2 mm s i e v e  and s to red  in  
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3 .1 .5  S o i l s  used in  In cu b a t ion  Experiment I  ( S e c t i o n  ¿+.L.7)
F o r t y  s o i l s  were sampled from a depth o f  0-20 cms, 
a i r  d r i e d ,  passed through a 2 mm s i e v e  ana s to r e d  in 
p l a s t i c  bucke ts .  A l l  the s o i l s  desc r ibed  in  Tab le  3 were 
used in  a d d i t i o n  to a s e l e c t i o n  o f  s o i l s  from Devon 
(T a b le  1+) and o the r  s o i l s  from va r io u s  l o c a l i t i e s  in  
B r i t a i n  ( T a b le  3 ) .
3.1 .6  S o i l s  used in o rgan ic  matter  f r a c t i o n a t i o n  s tu d ie s
The K i lm arnock ,  S t i r l i n g  and Linhope s o i l  s e r i e s  were 
used f o r  t h i s  work. S o i l  samples, from 0-20 cms depth 
were a i r - d r i e d  and ground to pass a 2 mm s i e v e .  The 
K i lmarnock and S t i r l i n g  s o i l s  were c o l l e c t e d  from both 
con t in u ou s ly  c u l t i v a t e d ,  and permanent pas ture  s i t e s  w h i l s t  
the  Linhope was c o l l e c t e d  from a rough g r a z in g  s i t e .  The 
K i lmarnock s e r i e s  was ob ta ined  from  East L o th ia n  (permanent 
p as tu re  s i t e  NT 533769 and the c on t in u ou s ly  c u l t i v a t e d  s i t e  
NT 537768) and i s  a f r e e l y  dra ined s o i l  d e r i v e d  f rom  t i l l s  
o f  ca rb on i fe rou s  sandstones and sha les  (Ragg and F u t t y ,  
196 7 ) .  The S t i r l i n g  s e r i e s  was c o l l e c t e d  from Tays ide  
(permanent pasture  s i t e  NO 1U7180 and the con t in u ou s ly  
c u l t i v a t e d  s i t e  NO 15Ul S3) and is  a p o o r l y  dra ined  s o i l  
d eve lop ed  on e s tu a r in e  c la y  s i l t s  (L a in g ,  1 976).  The 
L inhope s e r i e s  has been desc r ib ed  in  Table  2 0
3 . -I . 7 S o i l s  used in the sul-ohur-35 s tu d ie s
The Whitsome and S t i r l i n g  ( c o n t in u ou s ly  c u l t i v a t e d  
s i t e )  s o i l  s e r i e s  were used and are  d es c r ib ed  in  s e c t i o n s
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3 ®2 A n a l y t i c a l  techniques
3 . 2.1 Su lphate -su lphur
The automated tu r b id im e t r i c  method o f  S i n c l a i r  (1 973) 
was used to  determ ine su lp h a te -su lp hu r .  The su lpha te  in  
the sample i s  p r e c i p i t a t e d  as barium sulphate under 
c o n t r o l l e d  pH c o n d i t i o n s .  Th is  p r e c i p i t a t e  i s  kep t  in  
suspens ion  by us ing s u r f a c ta n t s ,  measured by o p t i c a l  
a d s o r p t i o n  and compared w ith  standards prepared from 
a n a l y t i c a l  r e ag en t  grade sodium su lph a te .
3 .2 .2  T o t a l  sulphur in  s o i l  and p la n t  m a te r ia l
3 . 2 . 2 .1 Chemical o x id a t i o n  tech n icue
The chemical o x i d a t i o n  method o f  S te in b e rg s  _et a l . , 
( l 9 o 2 )  was used to  de term ine  t o t a l  su lphur.  The s o i l  or 
p l a n t  m a t e r i a l  was mixed w i th  sodium b ica rb on a te  and 
s i l v e r  ox ide  and ashed a t  550°C in  a m u f f l e  fu rnace  
o v e r n i g h t .  In s tead  o f  employing the Johnson and N i s h i t a  
(1 932 ) f i n i s h  an automat ic  tu r b id im e t r i c  method was used 
( S i n c l a i r ,  1973) as f o l l o w s .  The o x id i s e d  m a t e r i a l ,  
con ta in ed  in  a 5 ml p o r c e l a in  c r u c i b l e ,  was p la ced  in  a 
p o ly th en e  1 00 ml c e n t r i f u g e  tube. Th is  was then 
e x t r a c t e d  w i th  20 ml o f  monocalcium phosphate (made up to 
a c o n c e n t r a t i o n  o f  5 0 0 phosphorus^ )con ta in ing  1+46 ml 
o f  molar  h y d ro c h lo r i c  a c id .  Th is  q u a n t i t y  o f  a c id  i s  
e q u i v a l e n t  to  the 0 .25  g o f  sodium b ica rbon a te  used in  the 
o x i d a t i o n .  A f t e r  e x t r a c t i o n ,  which e n t a i l e d  o r b i t a l  
shaking f o r  one hour, the  s o lu t i o n  was f i l t e r e d  through a 
Whatman No. 1+2 f i l t e r  paper .  The f i l t r a t e  was then
75
a na ly sed  f o r  su lphate  us ing  the S i n c l a i r  (1973) automated 
t u r b id im e t r i c  method. Th is  method was chosen when on ly  
sm al l  samples o f  herbage could be o b ta in e d 0 The method 
was a l s o  used f o r  s o i l s  and f r e e z e  d r ied  o rgan ic  m atte r  
e x t r a c t s .  In  the l a s t  case the sodium b ica rb on a te  was 
a p p l i e d  in  s o lu t i o n  and then evapora ted  to dryness  to 
ensure adequate  m ix ing  w i th  the sample.
3 .2  .2 .2  X-Ray F lu o rescence  S pec trom etry
The x - r a y  f lu o r e s c e n c e  method o f  Evans (1 970) v/as 
used to determ ine t o t a l  sulphur in herbage samples 
c o l l e c t e d  from the f i e l d  t r i a l  s i t e s .  The p la n t  t i s s u e  
( i g )  was b a l l - m i l l e d  w i th  powdered c e l l u l o s e  ( i g )  and then 
p e l l e t e d  us ing  a p ressure  o f  5 tons/square inch.  Some 
s o i l  t o t a l  sulphur d e te rm in a t ion s  were a l s o  made using 
t h i s  method t o g e th e r  w i th  the sample p r e p a r a t i o n  techn iques  
o f  N o r r i s h  and Hutton ( l 9 ^ U ) .  Th is  e n t a i l e d  p e l l e t i n g  a 
1 g sample o f  b a l l - m i l l e d  s o i l  w i th  a b o r i c  a c id  back ing .
The sp ec t ro g rap h ,  a P h i l i p s  FW 1 5I4-O a l l  vacuum model, was 
used in  co n ju n c t ion  w ith  a P h i l i p s  PW -1 01 0 x - r a y  g e n e r a to r ,  
a p e n t a e r y t h r i t o l  c r y s t a l  and a gas f l o w  p r o p o r t i o n a l  
cou n te r .  Standards were prepared by a d d i t i o n s  o f  known 
amounts o f  a n a l y t i c a l - r e a g e n t  grade ammonium su lphate  t o  a 
ground, bu lk  herbage ( o r  s o i l ,  where a p p l i c a b l e )  sample0
3 .2 .3  H y d r io d ic  a c i d - r e d u c ib l e  sulphur in s o i l
The H l - r e d u c ib l e  sulphur conten t  o f  s o i l s  and o rgan ic  
m atte r  e x t r a c t s  v/as determined using the r e d u c t i o n  mixture  
o f  P reney  e t  a l .  , ( 1969 ) .  Th is  m ixture  con ta ined
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h y d r i o d i c  a c id  ( s p e c i f i c  g r a v i t y  1 . 7 ) ,  f o rm ic  a c id  ( 3 0% ) ,
o
and hypo phosphorus a c id  ( 5 0 %) in  the r a t i o  o f  1+:1 : i  by 
volume. The r e s u l t a n t ,  l i b e r a t e d  hydrogen su lp h id e  was 
c o l l e c t e d  in  molar sodium hydrox ide  s o lu t i o n  and the 
su lph ide  con ten t  determined by t i t r a t i o n  w i th  m ercur ic  
a c e t a t e  using d i t h i z o n e  as in d i c a t o r  (A r c h e r ,  1 956 ) .  
A pp rox im a te ly  50 mg o f  s o i l  or an amount o f  o rgan ic  
m atte r  e x t r a c t  c o n ta in in g  between 5 /igS and 20 ^pgS, was 
used f o r  each d e te rm in a t io n .  When l i q u i d s  were ana lysed  
e v a p o ra t io n  o f  the sample to  dryness  w i th in  the  r e a c t i o n  
v e s s e l  was c a r r i e d  out to p reven t  d i l u t i o n  o f  the 
r e d u c t i o n  m ix tu re .
5.2cU  Carbon-bonded sulphur in  s o i l
The carbon-bonded sulphur in s o i l  was determ ined by 
c a l c u l a t i n g  the d i f f e r e n c e  between t o t a l  s o i l  su lphur and 
H l - r e d u c ib l e  s o i l  sulphur s ince  d i r e c t  methods o f  
d e t e rm in a t io n  a re  cons idered  u n r e l i a b l e  (F reney  e t  a l . .
1 970 ) .
3 . 2 . 5  Suluhate in  ra in w a te r  and hydrogen peroxide, s o lu t io n s
Where samples f r e e  from  i n t e r f e r i n g  anions were 
c o l l e c t e d  such as ra in w a te r  and hydrogen p e r o x id e  ( f r om  the 
S02 m o n i to r in g  d e v i c e )  samples the T h o r in  method (P e r s s o n ,  
1966 ) o f  an a ly s in g  f o r  su lphate  was chosen in p r e f e r e n c e  to 
the l e s s  s e n s i t i v e  automated t u r b id im e t r i c  method o f  
S i n c l a i r  (1 9 7 3 ) .  Th is  automated c o l o r i m e t r i c  method 
i n v o l v e s  the measurement o f  barium ions  remain ing a f t e r  
p r e c i p i t a t i o n  o f  the su lphate  in the sample w i th  a barium
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p e r c h l o r a t e  s o lu t i o n .  The excess  barium was in d ic a t e d  
w i th  Thor in .  When ra in w a t e r  samples were ana lysed  the 
sample was f i r s t  passed through a column o f  DoweX 50V/-X8 
c a t i o n  exchange r e s in  (B io -Rad  L a b o r a t o r i e s ,  C a l i f o r n i a )  
to remove i n t e r f e r i n g  c a t i o n s .  The d i l u t e d  hydrogen 
p e ro x id e  samples needed no p r e t r e a tm e n t .  Standards were 
p repa red  from a n a l y t i c a l - r e a g e n t  su lphur ic  ac id  and 
s tand ard is ed  w i th  a n a l y t i c a l - r e a g e n t  grade anhydrous 
sodium ca rbona te .
3 .2 .6  B x t r a c ta b l e  S o i l  Sulphate
S o i l  (20g )  was e x t ra c t e d  w i th  50 ml o f  a mono­
ca lc ium phosphate s o lu t i o n  c o n ta in in g  500 ^igp/g (Ensminger, 
1 95k) . The mixture  was shaken f o r  30 minutes on an 
o r b i t a l  shaker then f i l t e r e d  through a Whatman No. ¿+2 
f i l t e r  paper .  The f i l t r a t e  (20 ml ) was s i m i l a r l y  shaken 
f o r  30 minutes w ith  p u r i f i e d  ch a rcoa l  ( 0 . 2g )  and 3 ml o f  
an a c id  m ix tu re  c o n ta in in g  a c e t i c  a c id ,  o r thophosphor ic  
a c id  and h y d r o c h lo r i c  a c id  ( S i n c l a i r  1 973)• The m ix ture  
was then f i l t e r e d  through a Whatman No. k2 f i l t e r  paper 
and the su lphate  con ten t  determined by the automated 
t u r b id im e t r i c  techn ique .
3 . 2 . 7  E x t r a c ta b l e  p la n t  sulphate
Dried ,  m i l led  plant materia l  ( 0 o3g) was extracted with  
5 0  ml of cold d i s t i l l e d  water by o rb i t a l  shaking f o r  
30 minutes. The extract was f i l t e r e d  through a Whatman 
No. k2 f i l t e r  paper. The f i l t r a t e  was then treated with  
charcoal and acid mixture, as described in 3 .2 .5  above, to
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remove i n t e r f e r i n g  co lou red  o rgan ic  m o le c u le s .  The
a
su lphate  con ten t  o f  the d e c o l o r i s e d  s o l u t i o n  was
A
determined by the automated tu r h id im e t r i c  method ( S i n c l a i r ,  
1 973) .
3 02 .8  B x t r a c t a b l e  p la n t  n i t r a t e
An automated method (H en r ik s en  and Se lm er -O lsen ,  1 970) 
was s e l e c t e d  to measure n i t r a t e  l e v e l s  in  herbage samples. 
A pp rox im a te ly  0 .5 g  o f  herbage was shaken w i th  50 ml o f  
co ld  d i s t i l l e d  w a te r  f o r  30 m inutes ,  f i l t e r e d  us ing a 
Whatman No. ¿+2 f i l t e r  paper and the a p p r o p r ia t e  d i l u t i o n s  
then made. F resh  e x t r a c t s  a r e  then f e d  in to  the  au to -  
ana lyse r  system where the n i t r a t e  i s  f i r s t  reduced to 
n i t r a t e  which then undergoes d ia z o " t i s a t i o n  w i th  
su lphan i lam ide  and coup l ing  w i th  N-1 - n a p th y l e th y l e n e -  
diamine to form a h igh ly  c o lou red  dye. Standards were 
p repared  from a n a l y t i c a l - r e a g e n t  grade potass ium n i t r a t e .  
Sample d i l u t i o n s  were a lways l a r g e  enough to ignore  the 
e f f e c t  o f  c o lou red  o rgan ic  components in  th e  e x t r a c t s .
3 .2 .9  T o t a l  N i t r o g e n  in  s o i l  and p lan t  m a t e r i a l
T o t a l  n i t r o g e n  was determined, on s o i l  and herbage 
samples,  by the sem ira ic ro -K je ld ah l  method d es c r ib e d  by 
B lack  ( 1965 ) .  A d d i t i o n s  o f  potassium su lphate  and a 
copper c a t a l y s t  were made to a l l  samples to speed up the 
d i g e s t i o n  s ta ge .  In  the case o f  herbage samples hydrogen 
p e r o x id e  was added to the  d i g e s t i o n  m ixture  to f u r t h e r  
speed up the d i g e s t i o n  p ro c e s s .  The X j e l a a h l  method was 
i n v e s t i g a t e d  to a ssess  whether the va lu e  ob ta ined  f o r  . t o ta l
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n i t r o g e n  inc luded  n i t r a t e - n i t r o g e n .  Th is  was examined 
by making known a d d i t i o n s  o f  potassium n i t r a t e  to the 
herbage b e f o r e  d i g e s t i o n .  A ls o  amounts o f  pure 
potass ium n i t r a t e  were d ig e s t e d  in the absence o f  herbage ,  
I t  was found tha t  no added n i t r a t e  was r e c o v e r e d  in  the 
p resence  or absence o f  herbage .  On a d d i t i o n  o f  the 
hydrogen p e r o x id e ,  fumes o f  n i t r o g e n  d i o x id e  were 
observed  i n d i c a t i n g  o x id a t i o n  o f  the n i t r a t e .  T h e r e f o r e  
the  " t o t a l  abCrocjerY" v a lu e  ob ta in ed  by the  Kjet-dahl method 
does no t  inc lude  n i t r a t e - n i t r o g e n .  Ammonium-nitrogen was 
determ ined in  the d i g e s t  by steam d i s t i l l a t i o n  and 
t i t r a t i o n  w ith  standard ac id  (B la ck ,  1 9^5) »
3 . 2 .1 0  S o i l  Organic Matter
Organic  carbon conten t  o f  s o i l s  was determined by the 
method o f  T in s l e y  (1 950) as m o d i f i e d  by Bremner and 
Jenkinson ( l 9^0 ) .  Th is  method in v o l v e s  a wet o x id a t i o n  
s tep  f o l l o w e d  by t i t r i m e t r i c  measurement o f  unreacted  
potassium d ich rom ate .O rgan ic  m atter  was determined by 
m u l t i p l y in g  p e r  cent  carbon by 1 . Ib o
3 . 2.11 Ash Content o f  Organic  M atte r  E x t ra c ts
The amount o f  m inera l  m a t te r  in  f r e e z e - d r i e d  o rgan ic  
m a t te r  f r a c t i o n s  was determined by combustion in  a m u f f l e  
fu rnace  m ain ta ined  at  450°C. o v e rn ig h t .
3 . 2.12  S o i l  pH
The pH o f  s o i l  samples was determined in  a 1 :2 .5  r a t i o  
o f  s o i l  t o  d i s t i l l e d  wate r .  The s o i l/ w a t e r  suspens ion  was 
a l l o w e d  to e q u i l i b r a t e  f o r  two hours .  A pH meuer
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( E l e c t r o n i c  Instruments  L t d . ,  Model No. 7020) was used in  
c o n ju n c t io n  w i th  g l a s s  and r e f e r e n c e  e l e c t r o d e s  c a l i b r a t e d  
a t  pH k and pH 7 w i th  b u f f e r  s o lu t i o n s .
3 .2 .1 3  D e te rm ina t ion  o f  the  Atmospher ic  Inputs  o f  Sulphur
R e f e r e n c e  to P i g .  1 shows the a i r  sampling apparatus 
employed. The se t -up  i s  s i m i l a r  to " th e  d a i l y  instrument"  
d es c r ib ed  in  the N a t i o n a l  Survey o f  Smoke and Sulphur 
D iox id e  I n s t r u c t i o n  Manual ( 1966 ) .  However the D re s c h e l  
b o t t l e s  c o n ta in in g  the 1 volume hydrogen p e r o x id e  were 
changed and ana lysed  week ly .  Two d r e s c h e l  b o t t l e s  were 
arranged in  s e r i e s  to check f o r  complete sulphur d io x id e  
a b s o rp t i o n .  A tmospheric  c o n c e n t r a t i o n s  o f  sulphur d io x id e  
were ob ta ined  from knowledge o f  the volume o f  a i r  pumped 
through the apparatus and the amount o f  su lphate  absorbed.  
P a r t i c u l a t e  su lphate  was measured v/eekly by e x t r a c t i n g  the 
f i l t e r  paper in  monocalcium phosphate s o lu t i o n  c o n ta in in g
The f i l t e r  paper was shaken f o r  one hour w i th  the 
monocalcium phosphate s o lu t i o n  (20  m i s ) ,  f i l t e r e d  through 
a Whatman No. i+2 f i l t e r  paper and the f i l t r a t e  ana lysed  f o r  
su lp h a te  by the t u r b id im e t r i c  techn ique  o f  S i n c l a i r  (1 973) • 
T h is  procedure  was chosen in p r e f e r e n c e  to a t o t a l  sulphur 
measurement o f  the  p a r t i c u l a t e  m a t te r  s ince  i t  would be 
more m ean ing fu l  in  terms o f  crop a v a i l a b l e  sulphur.  The 
su lphate  in  the hydrogen p e rox id e  s o lu t i o n  was determined 
by the Thor in  techn ique  (P e r sson ,  1 9 ° ° ) •  A tmospher ic  
sulphur d io x id e  con c en t ra t io n s  were conver ted  in to  amounts




















































o f  sulphur d ep os i t ed  in  the f i e l d  by use o f  a d e p o s i t i o n  
v e l o c i t y  o f  0 .8  cm sec .   ̂ c a l c u la t e d  e x p e r im e n ta l l y  by 
Fow le r  ( 1 978 ) .  The same worker s i m i l a r l y  determined a 
d e p o s i t i o n  v e l o c i t y  o f  0 o06 cm seco ” 1 f o r  the p a r t i c u l a t e  
m a t t e r .
3*2.1 U D e te rm in a t ion  o f  r a i n f a l l  sulphur
R a i n f a l l  was c o l l e c t e d  us ing  a g l a s s  funne l  mounted 
25 cms above ground l e v e l .  The ra in w a te r  f i l t e r e d  
through a p lu g  o f  g la s s  wool p la c e d  in  the neck o f  the 
fu n n e l .  The p l a s t i c  c o l l e c t i o n  v e s s e l  was changed 
monthly and samples were then ana lysed  f o r  su lpha te  using 
the Thor in  method o f  Persson  ( 1966 ) .
3 o3 F i e l d  Exper iments
3 . 3.1 B erw ick sh ire  F i e l d  Exper iments
In  1 976 s i t e s  a t  Dykegatehead Farm and B la ck ad de r -  
Mount Farm, both in  B e rw ic k s h i r e ,  wercsown w i th  I t a l i a n  
Ryegrass  ( R . V . P . ) .  Th is  sowing date  ensured a good 
sward es tab l ishm ent  such tha t  t r i a l s  would beg in  in  Sp r in g  
1977 and be continued over  two grow ing  seasons. E ig h t  
p l o t s  were marked out a t  both s i t e s ,  each measuring 8m x 2m. 
Each p l o t  was then ass igned  one o f  the f o l l o w i n g  sulphur 
t r ea tm en ts ,  top dressed as ca lc ium  su lpha te ;  0 kgS/na (two 
p l o t s ) ,  5,  10, 20, 40, 80 and 1 60 kgS/ha. For  the second 
y e a r  (1 978) the a l l o c a t i o n  o f  t rea tm ents  'was m o d i f i e d  as 
f o l l o w s :  0, 40, 80 and 1 60 kgS/ha w ith  a r e p l i c a t i o n  o f  
two p e r  t rea tm ent .  During 1 977 each p l o t  i n i t i a l l y  
r e c e i v e d  1 20 kgll/ha a p p l i e d  as a commercia l  g rass
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f e r t i l i s e r .  Cuts were made throughout the  grow ing  season 
to c o in c id e  w i th  cuts made at  the farm f o r  s i l a g e  and hay, 
and y i e l d s  were re co rded .  A f t e r  each o f  the f i r s t  two 
cuts 100 kgN/ha was added to a l l  p l o t s  and 60 kgN/ha a f t e r  
the t h i r d  cu t .  During 1978 a s im i l a r  n i t r o g e n  
a p p l i c a t i o n  programme was used except that  "N itram "
( I . C . I . )  and l a b o ra t o r y  r e a g e n ts  were employed s ince  i t  
was d i s c o v e r e d  tha t  the compound f e r t i l i s e r  p r e v i o u s l y  
used con ta ined  a small amount o f  sulphur.
Samples o f  g rass  were c o l l e c t e d  a t  each h arves t  from 
a l l  p l o t s ,  d r i e d  o v e rn ig h t  a t  60°C, and m i l l e d  to pass a 
1 mm s i e v e .  S o i l  samples were taken p e r i o d i c a l l y  
throughout the exper iment to  m on i to r  su lphate  l e v e l s  in  
the  t o p s o i l o  The s o i l s  were sampled from 0-20 cm using 
a screw auger .  R a i n f a l l  was con t in u ou s ly  sampled a t  both
ai\d.
s i t e s ^ a n a ly s e d  monthly f o r  su lpha te .  The atmospher ic  
sulphur d io x id e  c o n c e n t r a t io n  was monitored c on t in u ou s ly  
from A p r i l  1 978 to A p r i l  1 979 a t  Dykegatehead .
3 .3 .2  West o f  Scot land F i e l d  Experiments
P e rm is s ion  was ob ta ined  to  s e t  up sulphur response  
exper im ents  a t  Woodhead Farm and C r ic h to n  Farm (b o th  in  
D u m fr ie s sh i r e )  dur ing e a r l y  A p r i l  1979« E ig h t  p l o t s  o f  
8m x 2m were marked out at  each s i t e  on e s ta b l i s h e d  r y e g r a s s  
swards. Two sulphur t rea tments  o f  0 and 50 kg3/ha were 
a p p l i e d  in  q u a d ru p l i c a t e ,  as top dressed ca lc ium s u lp h a te ,  
a t  both s i t e s .  In  a d d i t i o n  a l l  p l o t s  r e c e i v e d  1 20 kgN/ha 
as "N i t ram "  ( i . C . I . )  and a fu r t h e r  1 00 kgN/ha, a l s o  as 
"N i t r a m " ,  a f t e r  the f i r s t  h a r v e s t .  Two cuts were made to
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c o in c id e  w i th  s i l a g e  cuts made by the fa rm e r .  D ry -m at te r
y i e l d s  were r e co rded .  Herbage samples from each p l o t  
were taken f o r  ana lys is , ,  S o i l  samples were c o l l e c t e d  
from 0 -20  cms us ing  a screw auger b e f o r e  sulphur 
f e r t i l i s a t i o n  and a f t e r  each h a r v e s t .
3 o3•3 Edinburgh Area F i e l d  Experiments
An a rea  o f  e s ta b l i s h e d  p e r e n n ia l  r y e g r a s s  (R .V .P .  Hay 
P a s tu re )  sown in  1976, was o b ta in ed  a t  B ogh a l l  Farm near 
Ed inburgho During the b eg inn in g  o f  A p r i l  1 979 twenty-two  
p l o t s  measuring 5 m x 1 , 8m were marked out and t r e a t e d  w i th  
ca lc ium  su lphate  to  g i v e  the f o l l o w i n g  sulphur 
a p p l i c a t i o n s ;  0, 1 0, 20, U0, 60, and 100 kgS/ha0 The 
ze ro  t rea tm ent  was ap p l ied  to f o u r  p l o t s  and the remaining 
trea tm ents  were each a p p l i ed  to th r e e  p l o t s .  Treatments 
were s i m i l a r l y  a p p l i e d  in  A p r i l  1960 excep t  that  one zero  
and one 1 00 kgS/ha p l o t  remained u n f e r t i l i s e d  as they were 
r e q u i r e d  f o r  l e a c h in g  s tu d ie s .  The p l o t s  a l s o  r e c e i v e d  
120 kgN/ha as "N i t ram "  ( I . C . I . )  and a fu r t h e r  1 00 kgN/ha 
a f t e r  the f i r s t  cu t .  A p a r t i c u l a r l y  dry season enabled 
o n ly  two h a rves ts  to  be made. Dry we igh t  y i e l d s  were 
r e co rd ed  and samples from each p l o t  were c o l l e c t e d  f o r  
a n a ly s is o  S o i l  samples were taken  b e fo r e  t rea tm ent  
a p p l i c a t i o n  and a t  t imes when s o i l  moisture  c o n d i t i o n s  
a l low ed  sampling a t  0-20  cm. w i th  a screw auger .
R a i n f a l l  was c o l l e c t e d  con t in u ou s ly  over  the exper im en ta l  
p e r i o d  and ana lyed  f o r  su lphate monthly.  The atmosphere 
was sampled con t inuous ly  from May 1979 u n t i l  autumn 1980» 
as d es c r ib ed  in  3°2.*1 »3 a b o v e D
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3 oU Po t  Exper iments
3• Uo1 Exper iment I . The sulphur s ta tus  o f  Whitsome s e r i e s  
s o i l .
Whitsome s e r i e s  s o i l  from B lackadder m. ount and 
Dykegatehead was c o l l e c t e d  and p repared  as d es c r ib e d  in
3.1 o2. S o i l  (1 o5kg) v/as p la c ed  in to  6 " po ts  and sown w ith  
O.Ug o f  P e r e n n ia l  Ryegrass (523 ) dur ing  mid June 1 9?8„ A 
f a c t o r i a l  d e s ign  was employed w i th  two n i t r o g e n  t r ea tm e n ts ,  
two s o i l s  and th re e  sulphur t rea tm ents  o f  0 , 8 and UO 
j igS/g  s o i l  which i s  e q u iva len t  to 0, 20 and 1 00 kgS/ha 
(assuming 2,500 tonnes t o p s o i l  p e r  h e c t a r e ) .  Each treatment 
was prepared in  t r i p l i c a t e  g i v i n g  2 x 2 x 3 x 3 = 3°  po ts .
The sulphur was a p p l i e d  as a s o l u t i o n  o f  sodium su lphate  
to the s o i l  su r fa c e  p r i o r  to sowing. The h igh  n i t r o g e n  
trea tm ent  c o n s is t e d  o f  a p p ly in g  i+8 jugN/g s o i l  (1 20 kgN/ha) 
soon a f t e r  sowing and then kO jig'N/ g s o i l  (1 00 kgN/ha) a f t e r  
each h a r v e s t .  The low n i t r o g e n  pots  on ly  r e c e i v e d  
kO UgN/g s o i l  (100 kgN/ha) midway through the grow ing 
season,, The n i t r o g e n  was added as ammonium n i t r a t e  in 
s o lu t i o n .  Both s o i l s  had been p r e v i o u s l y  ana lysed  f o r  
potass ium and phosphorus and were found to  be a d eq u a te ly  
su p p l ied  w ith  both n u t r i e n t s .  Po ts  were m ain ta ined  a t  
f i e l d  c a p a c i t y  by r e g u la r  w a te r in g  w ith  d e io n is e d  water,,
By mid October  1 978 hea t ing  and i l l u m in a t i o n  was used to  
m a in ta in  g lasshouse c o n d i t i o n s  o f  a 1 6 hour p h o to p e r iod  
and constant temperature o f  20°C„ The pots  were arranged 
randomly in  the glasshouse,,
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A t  each harves t  the  g r a s s  was cut to w i th in  1 cm o f  
the  s o i l  s u r f a c e ,  d r i e d  o v e rn ig h t  a t  60°C and the dry 
matter  y i e l d s  re co rd ed .  A l l  herbage was m i l l e d  and
re ta in e d  f o r  a n a l y s i s .  Three  cuts were made on the h igh
n i t r o g e n  t r ea tm e n ts .  Only two cuts were made on the low 
n i t r o g e n  t rea tm ents  due to  i n s u f f i c i e n t  growth .  A t  the 
f i n a l  h a rv e s t  the s o i l  in each pot  was sampled u s in g  a 
1 cm b o r in g  tube, a i r  d r ied  and ana lysed f o r  e x t r a c t a b l e  
s ulphate „
3.ko2  Exper iment I I . The sulphur s ta tu s  o f  n ine  S c o t t i s h  
S o i l s .
Nine s o i l s  were c o l l e c t e d  and prepared as d e s c r ib e d  
in  s e c t i o n  3 . 1 . 2 .  S o i l  ( l o 5 k g )  was p la c ed  i n t o  s i x  inch 
p o t s  and sown w ith  0.1+g o f  p e r e n n ia l  r y e g ra s s  (S23) dur ing  
l a t e  J u ly ,  1 979° A f a c t o r i a l  d e s ig n  was used combining 
n ine  d i f f e r e n t  s o i l  s e r i e s ,  two sulphur t rea tm ents  o f  0 
and 1+0 pgS/g  s o i l ,  (1 00 kgS/ha) each in  d u p l i c a t e ,  g i v i n g  
9 x 2 x 2 = 36 p o t s .  The sulphur was a p p l i e d  as sodium 
su lpha te  in  s o lu t i o n  to the s o i l  su r fa c e  p r i o r  to  sow ing .  
A l l  po ts  were a d d i t i o n a l l y  g i v e n  1+8 j igN/g  s o i l  ( l  20 kgN/ha) 
a t  the time o f  sowing and a f u r t h e r  1+0 pgN/g  s o i l  
(100 kgN/ha) a f t e r  each h a r v e s t .  The n i t r o g e n  was added
as ammonium n i t r a t e  in s o lu t i o n .  A t  sov/ing a l l  po ts
were f e r t i l i s e d  w ith  10 pgX/g  s o i l  (25 kgK/ha) ( a p p l i e d  
as potass ium c h l o r i d e  in s o lu t i o n )  and 8 pgF/g  s o i l  
(20  kgP/ha) ( a p p l i e d  as sodium d ihydrogen  orthophosphate  
in  s o l u t i o n ) .  Po ts  were m ain ta ined  a t  f i e l d  c a p a c i t y  by 
w a te r in g  w i th  d e io n is e d  water to  a predeterm ined  we igh to
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When c l im a t e  began to l i m i t  growth  (mid O c tober )  the 
g lasshouse  was heated to 20°C and i l l u m in a t i o n  p ro v id ed  a 
16 hour p h o to p e r iod .  The pots  were arranged  randomly in  
the g la s s h o u s e .
Three h a rves ts  were made dur ing  the exper iment  ( J u l y  
1 979 P  Jan 1 960) when the g ra s s  was cut to  w i t h in  1 cm 
o f  the s o i l  su r fa c e .  Dry m atte r  y i e l d s  per  po t  were 
determ ined  and the whole sample m i l l e d  and r e t a in e d  f o r  
a n a l y s i s .  A t  the f i n a l  h a rv e s t  the s o i l  was removed from 
each p o t ,  a i r  d r i e d ,  separa ted  from  the r o o ts  and ground 
to pass a 2 mm s i e v e .  The s o i l  was then ana lysed  f o r  
e x t r a c t a b l e  sulphate.,
3 o5 In cu b a t ion  S tud ies
The method o f  S w i f t  (1 977) was adopted, f o r  a l l  the 
in cu b a t ion  s tu d i e s ,  w i th  on ly  s l i g h t  m o d i f i c a t i o n Q S o i l s
( 20g )  were i n t im a t e l y  mixed w i th  a p u r i f i e d  ac id -washed  
sand ( 60g )  and 15 ml o f  water in s id e  a wide necked 250 ml 
c o n i c a l  f l a s k .  I t  was found n ecessa ry  to fu r t h e r  p u r i f y  
the a c id  washed sand (May and Baker L t d . )  by b o i l i n g  w i th  
20 volumes hydrogen p e ro x id e  f o l l o w e d  by b o i l i n g  w i th  
c on cen tra ted  h y d r o c h lo r i c  a c i d .  The f l a s k s  were l o o s e l y  
s toppered  w i th  c o t t o n  wool bungs to ensure adequate 
a e r i a t i o n .  The w e igh ts  o f  the f l a s k s  were checked eve ry  
two days and d i s t i l l e d  water added to r e p la c e  tha t  l o s t  by 
e v a p o ra t io n .  The f l a s k s  were incubated in  darkness  a t  
the a p p r o p r ia t e  temperature and f o r  the d e s i r e d  l e n g th  o f  
t im e .  C on tro l  f l a s k s  were s e t  up, c on ta in in g  sand and 
w a te r ,  and incubated a lon g s id e  the s o i l s .  Trea tm ents  were
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incubated  in  d u p l i c a t e  throughout.  Va lues  o f  net 
m in e r a l i s e d  su lphate were ob ta ined  by d e te rm in in g  the 
e x t r a c t a b l e  sulphate l e v e l  in  the s o i l  both  b e fo r e  and 
a f t e r  a p e r i o d  o f  in cu ba t ion .
3 e 6 Organic  m atte r  f r a c t i o n a t i o n  s tu d ie s
The methods employed in  t h i s  s e c t i o n  are cons ide red  
under U .b  as methods were c o n s ta n t l y  be ing  d eve lop ed  and 
r e q u i r e  s imultaneous d is c u s s io n  w i th  the r e s u l t s .
3°7 S tu d ie s  i n v o l v in g  the use o f  Su lp hu r -3 5 .
Sulphur-35 was supp l ied  as c a r r i e r  f r e e  in o rga n ic  
su lphate  in  aqueous s o lu t i o n ,  pH 6- 8 , by The R ad iochem ica l  
C en tre ,  Amersham. S ince  t h i s  i s o to p e  i s  a s o f t  beta  
p a r t i c l e  e m i t t e r  ( en e rgy  maximum.1 67hA°V)i l i q u i d  
s c i n t i l l a t i o n  was chosen as the  assay te ch n iqu e .  The 
sample, in  s o lu t i o n ,  was mixed w ith  5 mis o f  m i c e i l o r  
s c i n t i l l a t o r  HE 260 (N u c le a r  E n t e rp r i s e s  L t d . )  in  a small  
g la s s  v i a l  and counted us ing  a Panax R e i g a t e  S e r i e s  
cou n te r .  Where co lou red  samples were encountered 
quenching was compensated f o r  by i n t e r n a l  s t a n d a r d i s a t i o n .  
Standards were prepared  in  the same s o lu t i o n s  in  which 
samples were counted to a l l o w  f o r  any chemical  quenching.
3 . 7.1 In cu b a t ion  o f  7/hit some s e r i e s  s o i l  w i th  su lp h u r -3 5 .
One k i lo g ram  o f  Whitsome s e r i e s  s o i l  ( a i r  d r i e d  and 
ground to pass a 2 mm s i e v e )  from Dykegatehead Farm ( s e e
3.1 d  f o r  d e s c r i p t i o n )  was mixed w i th  2 mCi o f  su lphur-35 
(a s  s u lp h a t e ) .
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T h o r o u g h  i s o t o p e / s o i l  m i x i n g  was e n s u r e d  b y  
s p r i n k l i n g  t h e  i s o t o p e  i n  s o l u t i o n  o n t o  a l i q u o t s  o f  t h e  
s o i l  a n d  t h e n  d r y i n g  t h e  m i x t u r e  u n d e r  an i n f r a - r e d  l a m p .  
The a l i q u o t s  w e r e  t h e n  m i x e d  i n  w i t h  t h e  b u l k  o f  t h e  s o i l  
b y  o v e r n i g h t  e nd  o v e r  end s h a k i n g .  I n  a d d i t i o n  t o  t h e  
c a r r i e r  f r e e  i s o t o p e ,  -] 5 mg o f  s u l p h u r  a s  s o d i um s u l p h a t e  
i n  s o l u t i o n  was a l s o  a d d e d .  The s o i l  was t h e n  s p l i t  i n t o  
two 500 g  p o r t i o n s  w i t h  one  p o r t i o n  r e c e i v i n g  0 ,5% g l u c o s e .  
E a c h  p o r t i o n  was t h e n  p l a c e d  i n t o  a l a r g e  c r y s t a l l i s i n g  
d i s h ,  w a t e r e d  to  t h r e e - q u a r t e r s  f i e l d  c a p a c i t y ,  and 
c o v e r e d  w i t h  a p e r f o r a t e d  f o i l  l i d .  The  s o i l s  w e r e  
i n c u b a t e d  i n  d a r k n e s s  a t  2 0 ° G . f o r  75 d a y s  w i t h  r e g u l a r  
m a i n t e n a n c e  o f  t h e  d e s i r e d  w a t e r  s t a t u s  and o c c a s i o n a l  
m i x i n g  o f  t h e  s o i l .  On c o m p l e t i o n  o f  t h e  i n c u b a t i o n  
p e r i o d  b o t h  p o r t i o n s  o f  s o i l  w e r e  a i r  d r i e d  and g r o u n d  to 
p a s s  a 2 mm. s i e v e .
E a c h  p o r t i o n  was  a n a l y s e d  f o r  e x t r a c t a b l e  s u l p h a t e ,  
t o t a l  s u l p h u r  and H l - r e d u c i b l e  s u l p h u r .  A d d i t i o n a l l y  t h e  
s p e c i f i c  a c t i v i t y  o f  e a c h  o f  t h e  a b o v e  f o r m s  o f  s u l p h u r  
was d e t e r m i n e d o  The e x t r a c t a b l e  s u l p h a t e  was d e t e r m i n e d  
u s i n g  t h e  w h o l e  s o i l  w h i l s t  t h e  o t h e r  s u l p h u r  f o r m s  w e r e  
d e t e r m i n e d  on l e a c h e d  s o i l  s a m p l e s .  The l e a c h i n g ,  u s i n g  
O.O-iM c a l c i u m  c h l o r i d e ,  was p e r f o r m e d  u n t i l  no a c t i v i t y  
c o u l d  b e  d e t e c t e d  i n  t h e  l e a c h a t e .  The a c t i v i t y  o f  t h e  
t o t a l  s u l p h u r  was m e a s u r e d  by  c o u n t i n g  t h e  e x t r a c t e d  
c o m b u s t i o n  m i x t u r e  o b t a i n e d  f r o m  t h e  c h e m i c a l  o x i d a t i o n  
t e c h n i q u e  f o r  d e t e r m i n i n g  t o t a l  s u l p h u r .  The a c t i v i t y  
o f  t h e  H I - r e d u c i b l e  s u l p h u r  was m e a s u r e d  b y  t r e a t i n g  0 .75g
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o f  s o i l  w i th  the r e d u c t io n  m ix tu re  and c o l l e c t i n g  the 
l a b e l l e d  su lph ide  in  5 nil o f  molar sodium h y d r o x id e .
Th is  was then made up to  25 ml in  a v o lu m e t r i c  f l a s k  and 
countedo
3 .7  <>1.1 R e - in c u b a t io n  o f  l a b e l l e d  Whitsome s e r i e s  s o i l .
The l a b e l l e d  s o i l  prepared by in cu ba t ion  w i th  i s o to p e  
in  3 . 7*1 above was re - in cu b a ted  as d e s c r ib e d  in  s e c t i o n
3.5 > e n t i t l e d  In cu b a t ion  S tu d ie s .  The l a b e l l e d  s o i l  was, 
however,  f i r s t  l eached  w ith  0.01M ca lc ium  c h lo r id e  u n t i l  
no a c t i v i t y  could be d e te c ted  in th e  l e a c h a t e .  Th is  was 
per fo rm ed  to  remove excess  su lp h a te -3 5 .  The s o i l  in  the 
l e a c h in g  tubes was a l low ed  to d ry  f o r  two days t o  a l l o w  
remova l  o f  the s o i l  w i thout  caus ing  s t r u c t u r a l  breakdown,, 
The s o i l  was then a i r  d r i e d .  To r e p la c e  the n u t r i e n t s  
lea ch ed  out by t h i s  procedure UO jugN/g s o i l ,  20 jugP/g s o i l  
and 20 p.gK/g s o i l  were added to each c o n ic a l  f l a s k  as 
ammonium n i t r a t e ,  sodium d i i y d og e n  orthophosphate and 
po tass ium  c h lo r id e  r e s p e c t i v e l y 0 A l s o  a s t a r t e r
innoculum, prepared from p r e v i o u s l y  w e t ted  Ymitesome s e r i e s  
s o i l ,  was added to each f l a s k .  The s o i l s ,  o r i g i n a l l y  
incubated with  two l e v e l s  o f  g lu c o s e ,  were r e - in c u b a te d  
a t  30°C in  d a rk n es s^ o r  0, 7» Ab, 21 , 28 and 50 days so 
th a t  r a t e s  o f  su lph a te -32  and s u lp h a te -35  m i n e r a l i s a t i o n  
cou ld  be monitoredo
3 o 7.2 In cu b a t ion  o f  S t i r l i n g  s e r i e s  s o i l  w i th  su lp h u r -3 5 .
S o i l  o f  the S t i r l i n g  s e r i e s  (1 k g ) ,  d e s c r ib e d  in 
s e c t i o n  3 .1 . 6 . , was a i r  d r i e d  and ground to pass a 2 mm
s i e v e .  The s o i l  v/as mixed w i th  5 mCi o f  su lp h a te —35 > a s
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d e s c r ib e d  in  the p r e v io u s  s e c t i o n ,  and 5 mg o f  
s u lp h a te -3 2 .  The s o i l  was aga in  d i v id e d  in to  two 500 g 
p o r t i o n s  and incubated and watered  as in  3 . 7.1 ex cep t  
th a t  bo th  p o r t io n s  r e c e i v e d  g lu cose  ( 0 o5 p e r c e n t ) .  The 
in c u b a t in g  s o i l  was sub-sampled a f t e r  1 0 , 2 5 , 50 and 75 
days. A t  each sampling time app rox im a te ly  50 g o f  s o i l  
was im m ed ia te ly  a i r  d r i e d ,  ground to pass a 2 mm s i e v e  
and s t o r e d  a t  U°C»
3 o7.2.1 R e - in cu b a t ion  o f  l a b e l l e d  S t i r l i n g  s e r i e s  s o i l
The l a b e l l e d  S t i r l i n g  s o i l  was r e - in c u b a te d  using 
the  same procedure deve loped f o r  the Whitsome s o i l  and 
desc r ib ed  in  3<=7.1 »1 above .  However in  t h i s  in s tan ce ,  
p o r t i o n s  o f  s o i l  were q u ic k ly  leached  us ing  a Buchner 
fu n ne l  and Whatman Ho. U2. f i l t e r  paper .  The leached  s o i l  
pad was then  imm ed ia te ly  a i r  d r iedo
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l|e RESULTS AND DISCUSSION 
k .2  F i e l d  Experiments
The in t r o d u c to r y  s e c t i o n  showed in  d e t a i l  how a 
com b ina t ion  o f  in c reased  y i e l d s ,  i n t r o d u c t i o n  o f  C lean  
A i r  A c t s  and 'widespread 'use o f  s u lp h u r - f r e e  f e r t i l i s e r s  
was l i k e l y  to cause marg ina l  su lphur s u f f i c i e n c y  in  a reas  
o f  the  U.K. r e c e i v i n g  low atmospher ic  inputs o f  s u lp h u r0 
Th is  s e c t i o n  i n v e s t i g a t e s  the sulphur balance in  a reas  o f  
lov/ and average  atmospheric  sulphur in pu t .  The 
i n v e s t i g a t i o n  was c a r r i e d  out by m o n i to r in g  inputs  to  and 
l o s s e s  o f ,  sulphur from the s o i l / p l a n t  system. In  
a d d i t i o n  the  e f f e c t s  o f  added sulphur on p la n t  y i e l d  and 
p la n t  chemical  com pos i t ion  and on s o i l  sulphur s ta tu s  a re  
examinedo The measurement o f  sulphur inputs and l o s s e s  
a l s o  enabled an e s t im a t io n  o f  sulphur m i n e r a l i s a t i o n  over  
a grow ing  season to  be made and hence the s i g n i f i c a n c e  o f  
s o i l  su lphur can be a s s e s s e d 0
¿+.2.-] B e rw icksh ire  F i e l d  T r i a l s
The t r i a l s  in  B e rw icksh ire  were s e t  up to assess  the 
response  o f  r y e g ra ss  to added sulphur; i n v e s t i g a t e  the 
e f f e c t  o f  added sulphur on the m inera l  n u t r i t i o n  o f  
r y e g r a s s  and to cons truc t  a sulphur balance sheet  f o r  the 
r y e g r a s s  c r o p 0 C o n s t ru c t ion  o f  a ba lance sheet  would 
enable  q u a n t i f i c a t i o n  o f  the sulphur c o n t r i b u t i o n  made by 
the  m in e r a l i s a t i o n  o f  sulphur in  the s o i l  ove r  the g row in g  
season. Exper im enta l  d es ign  and crop husbandry d e t a i l s  
can be found in  s e c t i o n  3 °3 °1 °
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Data (T a b le s  5> 6 , 7 and 8 ) c l e a r l y  shows tha t  f o r  
most cu ts ,  added sulphur in c rea se d  the t o t a l  sulphur 
conten t  o f  the herbage a t  both s i t e s  and f o r  both yearSo 
However even the c o n t r o l  p l o t s  produced herbage w i th in  
the  c r i t i c a l  r e g i o n  f o r  both p la n t  and animal n u t r i t i o n  
which i s  0.1 5-0.1 6/o sulphur.  The herbage from 
Elackaddermount contained more sulphur than that  from 
Dykegatehead during e a r l y  1977 but no d i f f e r e n c e  between 
s i t e s  was e v id e n t  at the end o f  the  1 977 season nor 
dur ing  the whole o f  1 978. O v e r a l l  the sulphur 
conten t  o f  the herbage dur ing  1 977 was h igh e r  than that  
o f  1978 p r o b a b ly  because the commercial compound 
f e r t i l i s e r  used in 1 977 was r e p la c e d  w i th  s u lp h u r - f r e e  
l a b o r a t o r y  r eagen ts  in  1 978. C l im a t i c  d i f f e r e n c e s  between 
the two seasons a f f e c t e d  y i e l d s  and the chemica l  
com pos i t ion  o f  the  herbage.  I t  i s  a l s o  n o t i c e a b l e  that  
the sulphur conten t  o f  the herbage s i g n i f i c a n t l y  
in c reased  throughout the grow ing  season. Th is  phenomenon, 
a l s o  noted  by o th e r  workers (Murphy, 197 8 ) ,  i s  p robab ly  a 
p la n t  p h y s i o l o g i c a l  e f f e c t  r a th e r  than a s o i l s  e f f e c t .
The su lphate  l e v e l s  in the  herbage did not show such 
d i s t i n c t  trends  as the t o t a l  sulphur l e v e l s  (T a b le s  9> 1 0 , 
11 and 1 2) . Th is  i s  not s u p r i s in g  s in ce  su lphate  l e v e l s  
w i l l  be more t r a n s i e n t  and w i l l  i n d i c a t e  the  ba lance  
b e t ’ween p lan t  uptake o f  su lphate  and i t s  subsequent 
i n c o r p o r a t i o n  in to  o rgan ic  sulphur. Both o f  these  p la n t  
fu n c t i o n s  w i l l  v a ry  g r e a t l y  w i th  c l im a te  and p la n t  age .
14-e2 .-i.-i Sulphur l e v e l s  in  herbage
9 4
TABLE 5 • The t o t a l  sulphur conten t  o f  herbage h arves ted
from Blackaadermount during 1 977.
Added S (kgS/ha) T o t a l  S£ (gS/i OOg D.M.)
Cut 1 Cut 2 Cut 3 Cut k Cut 5
0 0.21 0 .27 0.31 Oc 3k 0.41
5 0 0 21 0.27 0.34 0.35 o .4o
1 o 0 0 22 0 o23 0o34 0.34 0.37
20
CMCM0o 0 .28 Oo33 0.34 0o37
40 0.23 0.34 0.37 0 o34 0.37
80 0.27 0.3k 0.39 0.37 0.47
1 60 0 o2i+ Oo35 0 .1+1 0.39 0.42
Standard E r ro r  o f  cut mean t  0 .008.  Standard E r ro r  o f  
Treatment mean t  0 .009. E f f e c t  o f  S and cut both 
s i g n i f i c a n t  (P < 0 . 0 i ) .
xmean o f  d u p l i c a t e  d e t e rm in a t io n s .
TABLE 6 o The t o t a l  sulphur content o f  herbage harves ted  
from Dykegateheaa dur ing  i 977 »
Added S (kgS/ha) T o t a l  Sx (gS/l OOg D.M.)
Cut 1 Cut 2 Cut 3 Cut 4
0 0o1 5
oCMoo 0 o2i 0.43
5 0.1 7 0o23 0o34 0 o40
1 o 0.1 7 0 o2i 0o34 0.37
20
oCMoo CMCMoo 0o 33 0.37
40 0 o23 0 o 23 0 o37 0 o37
80 0 o20 0 o 29 0.39 0.47
1 60 0o 27 0.35 0.41 0o42
ard E r ro r  o f cut mean - 0 o 01 3 • Standard E r r o r  o f
Treatment mean i  0 o0i 7. E f f e c t  o f  S s i g n i f i c a n t  (P 0 . Oi 
E f f e c t  o f  cut s i g n i f i c a n t  (P  < 0 .0 0 1 ) .
mean o f  d u p l i c a t e  determ inat ions. )
TA3LE 7 • T o t a l  sulphur con ten t  o f  herbage ha rves ted
from Blackaddermount during 1 978.
Added S (kgS/ha) T o t a l SX (gS/ 1 OOg D.M. )
Cut 1 Cut 2 Cut 3
0
0CMOO 0 o1 9 0 o22
UO 0.27 0 o2k 0.25
80 0o32 0.23 0.31
1 60 Oo 28 0 , 21+ 0o29
Standard E r ro r Î  0.02 t  0 oO| 1
 + 0 0 O —
E f f e c t  o f  added S s i g n i f i c a n t  a t  cut 1 and cut 3 ( F < 0 . 0 5 )  
and not s i g n i f i c a n t  a t  Cut 2.
X
mean o f  two r e p l i c a t e  p l o t s 0
TABT.E 8 o T o t a l  sulphur con ten t  o f  herbage harves ted  
from Dykegatenead during 1 978
Added S (kgS/ha) T o t a l S£ ( gS/ 1 OOg D.M.)
Cut 1 Cut 2 Cut 3
0 0 oi 9 0 o1 9
0CM0O
ko
CMCM0O 0 o 22
OCM0O
80 0 0 22 0 o 28 0o3l
1 60 0 o30 Oo26 0o29









E f f e c t  o f  added S s i g n i f i c a n t  a t  cut 3 on ly  (P < 0 .05 )
X
Mean o f  two r e p l i c a t e  p l o t s .
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TABLE 9° Su lphate -su lphur  content  o f  herbage h a rves ted
from Blackaddermount during; 1 977»
Added S(kgS/ha) Su lp ha te -su lph u r*  (gS/iOOg D.M.)
Cut 1 Cut 2 Cut 3 Gut 1+ Gut 5
0 0 o11 Od 5 0 ol 6 0,1 3 0.1 8
5 0 o1 0 0,1 5 0 o1 8 0,1 0 0 o1 0
1 0 0,11 0oi 3 0,1 8 0,1 1 0,1 3
20 0 o1 2 0 oi 5 0,1 9 0 o11 0,14
¿+0 0.1 2 0 o2i
0C\l00 0 0 09 Od 5
80 Od 3 0 o 23 0 o2i+ 0,1 7 0 o22
i 60 0.1 5 0o23 0 .26 0 .1 6
OCM00
Standard e r r o r  o f  cut mean t  0.007U. Standard e r r o r  o f  
t r ea tm en t  mean _ 0.0088. E f f e c t  o f  S and cut both  
s i g n i f i c a n t  (P < O.OOi)
TABLE 1 0 , Su lphate -su lphur con ten t  o f  herbage h a rves ted
from Dykegatehead du r ing  1 977
S (kgS/ha) Sulphate--sulphur *  ( gS/1 OOg D.M.
Cut 1 Cut 2 Cut 3 Cut
0 0 ,07 0 ,09 0,08 0 .0 9
5 0o07 Od 2 0o09 0 010
10 0o07 0,1 1 Od 0 0,11
20 0o1 0 0o1 1 0,09 0,11
UO 0,1 2 0,1 2 0,1 2 0,1 2
80 0,1 2 0,1 7 0.1 U Od 7
1 60 0,1 7 0 0 25 Od 3 0,1 8
Standard e r r o r  o f  cut mean -  0 o0063o Standard e r r o r  o f  
t rea tm ent  mean -  0,0083° E f f e c t  o f  S s i g n i f i c a n t  ( P < - 0 , 0 0 i )  
E f f e c t  o f  cut s i g n i f i c a n t  (P < O0O1 )
mean o f  d u p l i c a t e  determ inations, ,X
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TABLE 11 o Su lphate -su lphur  conten t  o f  herbage h arves ted
from Blackaddermount during 1978.
Added S (kgS/ha) S u lp ha te -su lph u r*  (gS/iOOg D .M .)
Cut 1 Cut 2 Cut 3
0 O0O8 0 o07 0 o07
ko 0 o1 5 0 o1 0 0.13
80 0.1 9 0 o1 2 Ooi 9
1 60 0.1 7 0.1 2 Ooi 5
Standard e r r o r -  O.O156 -  0 o0l 0 i| -  O.O1UO
E f f e c t  o f  added S s i g n i f i c a n t  a t  cut 1 and cut
0•0VPMm
e f f e c t  o f  added S not s i g n i f i c a n t  at  cut  2 0
TABLE 1 2 . Su lphate -su lphur  con ten t  o f  herbage h a r v e s ted  
from Dykegatehead dur ing  1978 »
Added S (kgS/ha) Su lp ha te -su lph u r*  (gS/iOOg D.M.)
Cut 1 Cut 2 Cut 3
0 0o04 0 o06 0o07
40 0.07 0.09 OolO
80 Ooi 5 0.1 6 Ooi 5
1 60 0 0 22 0 o1 2 Ooi 5
Standard e r r o r -  0 o0039 -  0 cOi 1 8 -  0.021 7
E f f e c t  o f  added S s i g n i f i c a n t  a t  cut 1 (P  <■ O.OOi) ,  
s i g n i f i c a n t  a t  cut 2 (P  < O0O5 ) and not s i g n i f i c a n t  at 
c ut 3 °
mean o f  two r e p l i c a t e  p l o t s 0
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During 1 977 both s i t e s  showed in c reased  su lphate  l e v e l s  
up to  mid season, a drop a t  the p en u l t im a te  cut and then 
a s l i g h t  in c r e a s e  at the f i n a l  h a r v e s t .  A s im i l a r  t rend  
v/as observed  a t  Blackaddermount f o r  1 978 but a t  
Dykegatehead a gradual in c r e a s e  in  p la n t  su lphate  o ve r  
the  whole season v/as seen.
Recent work (Preney  et  a l . ,  1978) has proposed using 
the  p e r c en tag e  o f  sulphur o c c u r r in g  as su lphate  in the 
p la n t  as a d ia g n o s is  o f  sulphur d e f i c i e n c y .  These 
workers r e p o r t e d  c r i t i c a l  v a lu e s  o f  10 p e r cen t  f o r  a 
wheat crop ,  th a t  i s  where a t  l e a s t  10 p e r c en t  o f  the  
sulphur occurs as sulphate then a response to added 
sulphur v/as u n l i k e l y .  When the percen tage  o f  the 
herbage sulphur o ccu r r in g  as su lphate  i s  c a l c u la t e d  f o r  
the  f i e l d  t r i a l  data (Tab les  13 and 1U) i t  can be seen 
th a t  none o f  the va lues  approached the c r i t i c a l  va lu e  
mentioned f o r  wheat p l a n t s .  L a r g e r  a d d i t i o n s  o f  sulphur 
(80 and 1 60 kgS/ha) g r e a t l y  in creased  the p r o p o r t i o n  o f  
sulphur o c cu r r in g  as su lphate  which in d ica ted  lu xu ry  
up take0
4 . 2 o i o 2 N i t r o g e n  l e v e l s  in  h e rb a g e0
Sulphur f e r t i l i s a t i o n  has been found to in c rea se  
crude p r o t e in - N  p rodu c t ion  in  the r y eg ra ss  crop (McLaren 
e t  a l . , 1 9 7 8 )o T h e r e fo r e  both  crude p r o t e in - N  and 
n i t r a t e  l e v e l s  were monitored  in  the herbage throughout 
the exper iment  to i n v e s t i g a t e  any such s im i l a r  
n u t r i t i o n a l  q u a l i t y  improvements. Crude p r o t e in -N  
l e v e l s  (T a b le s  15 and 1 6 ) were not in c reased  by sulphur
9 9
TABLE 1 3 o The percen tage  o f  the t o t a l  herbage sulphur
o c c u r r in g  as su lpha te  -  1 977 t r i a l s
( a )  Blackaddermount
Added Sulphur % o f  t o t a l  sulphur as su lpha te
(kgS/ha) Gut 1 Gut 2 Cut 3 Cut 4 Cut 5
0 53 56 52 38 44
5 49 57 54 30 25
10 49 56 54 33 41
20 55 54 58 32 38
40 52 6Z 55 27 41
80 48 69 62 46 47
1 60 62 67 64 42 47
(b )  Dykegatehead
Added Sulphur % o f  t o t a l  sulphur as su lphate
(kgS/ha) Cut 1 Cut 2 Cut 3 Cut 3
0 46 44 38 21
5 42 53 27 25
1 0 42 53 30 30
20 51 50 27 29
40 52 52 33 32
80 59 59 36 38
1 60 63 72 37 43
1 0 0
TABLE -j 4 . The p e rcen tag e  o f  the t o t a l  herbage sulphur
occu r r in g as sulphate -  1978 t r i a l s .
( a )  Blackaddermount
Added sulphur % o f  t o t a l sulphur as su lphate
(kgS/ha) Cut 1 Cut 2 Cut 3
0 41 36 33
40 57 43 51
80 60 50 62
1 60 61 51 51
(b )  Dykegatehead
Added sulphur % o f  t o t a l sulphur as su lphate
(kgS/ha) Cut 1 Cut 2 Cut 3
0 20 31 33
40 34 43 51
80 67 56 49
1 60 73 47 52
101
TABLE 1 5 • K j e l d a h l - n i t r o g e n  conten t  o f  herbage
harves ted  dur in
(a )  Blackaddenr.ount 
Added S (kgS/ha)
Cut 1
0 1 = 56
5 1 = 75
1 0 1 069
20 1 = 64
40 1 065
80 1 =47
1 60 1 =47
ard e r r o r  o f cut mean
trea tm en t  mean ± 0 .05 .  E f f  
s i g n i f i c a n t  (P  < 0.001 )
1 977
N i t r o g e n  (gN/1 OOg D.M.)
Cut 2 Cut 3 Cut 4 Cut 5
CO0 2 o82 3° 76 3 .89
CMO0CM 2 o 96 3.89 4 = 33
1 = 97 2 0 92 4=18 4 = 29
2.07 2 o83 4 .0 6 4=30
2 o04 2.59 4=1 0 4=1 7
1 . 8 8 2 0 77 3.50 4  = 08
1 o77 2 .¿48 3 = 84 3.95
0.05 0 Standard e r ro r o f
t  o f  S and cut bo th
(b )  Dykegatehead
Added S(kgS/ha) N i t r o g e n  (gN/lOOg D.M.)
Cut 1 Cut 2 Cut 3 Cut 4
0 1 .38 1 =79
CMO0CM 3=48
5 1 = 54 1 =97
C
O0 3=71
10 1 = 41 1 =85 1 =96 3.49







80 1 =26 1 =83 1 .73 3 = 36
1 60 1 =69 2 d  6 (V
)
0 0 0 4 = 03
Standard e r r o r  o f  cut mean -  0 .04 = Standard e r r o r  o f  
t r ea tm en t  mean -  0 .006.  E f f e c t  o f  S s i g n i f i c a n t  (P  <  0 . 0 ] )  
E f f e c t  o f  cut s i g n i f i c a n t  (P <  0 o0 0 i ) .
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TABLE 1 6 o K j e l d a h l - n i t r o g e n  con ten t  o f  herbage
harves ted  dur ing  1978 
( a )  Blackaddermount
Added S (kgS/ha)
X
N i t r o g e n (gN/100g D.M.)
Gut 1 Cut 2 Cut 3
0 1 o91 1 = 94 2o50
40 1 .96 2 o04 2 o 72
80 1 o89 1 =79 2 = 13
1 60 1 o 75 1 o 82 2 c57
Standard e r r o r 1 0o11 -  0o1 2 i  0.16
E f f e c t  o f  S not s i g n i f i c a n t  a t  any cu t .
(b )  Dykegatehead
Added S (kgS/ha) N i t r o g e n * ( gN/1 OOg D.M.)
Cut 1 Cut 2 Gut 3
0 1 .48 1 =99 2,45
40 1 = 52 2 o06 2 = 45
80 1 = 59 2o08 2o48
1 60 1 =89 2o1 2 2=44
Standard e r r o r ± 0oi 7 1 0 o1 5 i  0oi 3
E f f e c t  o f  S not s i g n i f i c a n t  a t  any cuto
X
mean o f  two r e p l i c a t e  p l o t s .
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a d d i t i o n s  and no e f f e c t  o f  added sulphur upon crude 
p r o t e in - N  was consistent
dur ing  the  two growing seasons. Marked d i f f e r e n c e s  in 
crude p r o t e in -N  con ten t  were seen between cuts a t  both  
s i t e s  and dur ing  both years w i th  the l e v e l s  in c r e a s in g  
s t e a d i l y  throughout the season.
As no t r u l y  sulphur d e f i c i e n t  herbage was grown i t  
was u n l i k e l y  that  c o n s i s t e n t  r e l a t i o n s h i p s  between 
su lpha te  and n i t r a t e  l e v e l s  would emerge.  R es u l t s  
(T a b le s  17 and 1 8) supported t h i s  and no ev id ence  o f  
n i t r a t e  accumulat ion  in t i s s u e  low  in  sulphate was 
observed  ( c o r r e l a t i o n  c o e f f i c i e n t s  between n i t r a t e  and 
su lphate  l e v e l s  were on ly :  r  = 0.1 0 f o r  1 977 data and 
r  = - 0 . 1 b f o r  1978 d a t a ) .  A ga in  d i f f e r e n c e s  between cuts
were most e v id en t  w i th  accumulat ion  o f  n i t r a t e  dur ing  the 
l a t t e r  p a r t  o f  th e  season. T h e r e f o r e  the low es t  sulphur 
l e v e l s  ob ta ined  in  t h i s  work did not appear to l i m i t  the 
c o n v e rs io n  o f  n i t r a t e  in to  crude p r o t e in - N 0
U . 2 . 1 .3  Dry -m atte r  p rodu c t ion  (T a b le s  19 ana 20)
As would be expected  from the va lu es  o f  t o t a l  su lphur,  
which in d ic a t e d  sulphur s u f f i c i e n c y ,  no dry m atte r  y i e l d  
responses  to added sulphur were ob ta in ed .  The r y e g r a s s  
crop was t h e r e f o r e ,  at p r e s en t ,  ab le  to o b ta in  s u f f i c i e n t  
sulphur from s o i l  and atmospheric  sources .  Y i e l d s  v a r i e d  
between cu ts ;  the f i r s t  cut ( th e  main s i l a g e  cu t )  be ing  
the l a r g e s t  and subsequent cuts g r a d u a l l y  d e c r e a s in g .  A 
s h o r t e r  grow ing  season in 1 978 depressed y i e l d s  and only 
th re e  cuts could be made compared w i th  the f i v e  made
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TABLE 1 7 • N i t r a t e - n i t r o g e n  content  o f  herbage
harves ted  during 1 977 .
( a )  Blackaddermount
Added S (kgS/ha) N i t r a t e - n i t r o g e n *  (pgN/g D.M.)
Gut 1 Cut 2 Cut 3 Cut 1+ Cut 5
0 1 50 525 970 21 70 11 20
5 1+60 610 1 680 2580 1 960
10 29k 61+0 1330 35 00 2780
20 266 690 1 270 2780 2520
1+0 530 690 1 050 311+0 281+0
80 150 1+80 1 350 2060 720
1 60 76 330 820 2880 1 280
Standard e r r o r  o f  cut mean -  175* Standard e r r o r  o f  
t rea tm ent  mean -  21+7. E f f e c t  o f  S s i g n i f i c a n t  (F *^0 .05 )>  
e f f e c t  o f  cut s i g n i f i c a n t  ( P c O . O O l )
(b )  Dykegatehead
Added S (kgS/ha) N i t r a t e - n i t r o g e n x (pgN/g D.M.)
Cut 1 Cut 2 Cut 3 Cut 1+
0 61 1+70 380 825
5 n.d. 970 31 0 1 5k0
10 66 1+10 280 920
20 71 200 330 11 80
1+0 11 0 110 360 500
80 28 1+1+0 150 1+80
1 60 1 90 1 270 710 21+80
Standard e r r o r  o f  cut mean - 11 9o Standa rd e r ro r o f
t rea tm ent  mean -  158. E f f e c t  o f  S s i g n i f i c a n t  ( P < 0 . 0 5 ) >  
e f f e c t  o f  cut s i g n i f i c a n t  (P <t 0.00"| )
£mean o f  d u p l i c a t e  d e te rm in a t ion s .
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TABLE 1 8 . N i t r a t e - n i t r o g e n  con ten t  o f  herbage
harves ted  during 1 978 .
( a )  Blackaddermount
Added S (kgS/ha) N i t r a t e • 4- *- n i t r o g e n (jigN/g D.M.
Gut 1 Gut 2 Cut 3
0 370 Gk 5 2325
40 41 o 940 2785
80 465 550 1530
1 60 310 490 1 765
Standard e r r o r 1 251 -  21 0 1+ Cn O Oo
E f f e c t  o f  S not s i g n i f i c a n t  a t  any cu t .
(b )  Dykegatehead
Added S (kgS/ha) N i t r a t e - n i t r o g e n s (jigN/g D.M.)
Cut 1 Cut 2 Cut 3
0 225 895 1 995
40 65O 845 2340
80 140 1 045 475
1 60 1355 955 1 71 0
Standard e r r o r ± 307 1 353 ± 651
E f f e c t  o f  S not
X
s i g n i f i c a n t  a t  any c u t .
y
mean o f  two r e p l i c a t e  p l o t s .
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TABLE 1 9» D ry -m at te r  y i e l d s  ob ta ined  from
Dykegate head during 1 977»
S (kgS/na) Dry -m at te r  y i e l d s (kg/ha)
Cut 1 Cut 2 Cut 3 Cut ¿+ To t a l
0 7886 ¿+708 2713 1 ¿+1 6 1 6723
5 7375 ¿+500 2801 1599 1 6275
10 7^31 ¿+785 2650 1 285 1 61 51
20 782U ¿+277 2805 1 ¿+1 9 1 6325
¿+o 691 5 ¿+¿+6¿+ 2585 1363 15327
80 7853 ¿+083 2 773 ^ h lb 1 61 83
1 60 7U80 ¿+535 2693 1 38i 1 6089
Standard e r r o r  o f  cut mean -  85. Standard e r r o r  o f  
t rea tm en t  mean -  113. E f f e c t  o f  S not s i g n i f i c a n t ,  
e f f e c t  o f  cut s i g n i f i c a n t  (P < O.OOl)
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TABLE 20 . D ry -m atte r  y i e l d s  ob ta in ed  during j 978. 
( a )  Blackaddermount
Added S (kgS/ha) D ry -m atte r  y i e l d *  (kg/ha)
Cut 1 Cut 2 C ut 3
0 5829 3983 3942
40 5935 3625 3626
80 6042 3725 3673
1 60 6042 4308 3587
Standard e r r o r 1 295 1 251 ± 303
E f f e c t  o f  S not s i g n i f i c a n t  a t  any c u t .
(B )  Dykegatehead 
Added S (kgS/ha) Dry-•matter y i e l d s * (kg/ha)
Cut 1 Cut 2 Cut 3
0 5775 4834 31 76
40 6223 5134 2935
80 561 1 5275 3463
1 60 5703 4850 2 982
Standard e r r o r 1 337 -  324 -  290
E f f e c t  o f  S not s i g n i f i c a n t  a t  any cu t .  
*mean o f  two r e p l i c a t e  p l o t s .
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dur ing  1977. W h i l s t  the y i e l d  data has not in d i c a t e d  
a suiphur d e f i c i e n c y  problem i t  is  q u e s t ion a b le  whether 
or not the s o i l  and atmosphere cou ld  cont inue to supp ly  
sulphur at r a t e s  needed f o r  maximum y i e l d s  in the fu t u r e .
U . 2 .1 . The sulphur budget
The amount o f  sulphur e n te r in g  in to  the g rass land  
s i t u a t i o n  from the atmosphere was measured and then 
su b t ra c ted  from the amount o f  sulphur removed in the 
herbage a t  ha rves t .  E s t im a t ion  o f  the  sulphur inputs  
and outputs enabled q u a n t i f i c a t i o n  o f  the sulphur 
c o n t r i b u t i o n  made by the s o i l  o rga n ic  sulphur p o o l .  The 
c o n c e n t r a t i o n  o f  su lpha te  in  the r a i n f a l l  a t  each s i t e  
was determined monthly. A lso  d a i l y  r a i n f a l l  measurements 
made a t  l o c a l  weather s t a t i o n s  a t  T w e e d h i l l  and C h irn s id e  
were r e c o r d e d .  These two p i e c e s  o f  in fo rm a t ion  enabled 
c a l c u l a t i o n  o f  the amount o f  sulphur con t r ib u ted  by the 
r a i n f a l l .  Sulphur added by dry d e p o s i t i o n  and 
p a r t i c u l a t e  d e p o s i t i o n  was determined as d es c r ib ed  above 
in  s e c t i o n  3 . 2 . 1 . 3 .  The compound f e r t i l i s e r  used in  1 977
was found to  con ta in  small  q u a n t i t i e s  o f  sulphur and a t  the 
h igh  f e r t i l i s e r  a p p l i c a t i o n  r a t e s  used t h i s  c o n t r ib u te d  
s i g n i f i c a n t  amounts o f  sulphur which were in corpo ra ted  
in to  the budget shee t  (Tab le  21 ) .  A l l  the a tmospher ic  
sulphur inputs were c a l c u la t e d  f o r  the  p e r iod  o f  the 
g row ing  season r a th e r  than f o r  the whole y e a r .  Th is  i s
because sulphur dep os i t ed  over  the p r e c e ed in g  w in te r  
p e r io d  would p robab ly  not be a v a i l a b l e  to  the g ra ss  p la n t  
in  the s p r in g .  Ev idence f o r  t h i s  was p rov id ed  by the s o i l
109
m o n i to r in g  data ( P i g s .  2 and 3) which showed that  
ca lc ium  su lphate  a p p l i e d  in  the s p r in g  ’.vas com p le te ly  
removed from the t o p s o i l  b e f o r e  the f o l l o w i n g  s p r in g .
Th is  removal was p robab ly  due to  l e a c h in g  s ince  i t  has 
been found that  no s i g n i f i c a n t  i n c o r p o r a t i o n  o f  added 
su lpha te  occurred during w in te r  (McLaren, 1976).  The 
s o i l  su lphate  data a l s o  showed that  l e v e l s  o f  su lphate  
in  the ze ro  t r e a t e d  p l o t s  remained constant  over  the y e a r .  
W ith  t h i s  in fo rm a t ion  and assuming that  no su lphate  
l e a c h in g  occurred dur ing  the growing season ( u n l i k e l y  
s in c e  é v a p o t r a n s p i r a t i o n  r a t e s  i n v a r i a b l y  exceeded 
p r e c i p i t a t i o n  from A p r i l - O c t o b e r , in  B e rw ick sh i r e )  one 
can be sure tha t  the balance sheet  i s  com ple te .  For the 
l a r g e r  a d d i t i o n s  o f  sulphur, some su lphate  remained in  
the t o p s o i l  a t  the end o f  the grow ing  season and t h e r e f o r e  
the sulphur surplus shown on the ba lance sheets  was 
underes t im ated .  Examinat ion  o f  the ba lance sheet  i s  v e r y  
i n t e r e s t i n g  and shows that  the s o i l  c on t r ib u ted  a lmost 
h a l f  o f  the sulphur taken up by the crop in  1 977 and ove r  
h a l f  o f  that  taken up in 1 978 (T a b le s  22 and 23 ) .  Such 
a r a t e  o f  sulphur m in e r a l i s a t i o n ,  r e p r e s e n t in g  1 .3/6 o f  
the t o t a l  s o i l  sulphur during 1977» could a lso  have 
s im u ltan eou s ly  occurred  where h igher  a d d i t i o n s  o f  sulphur 
had been made. However s ince  a l a r g e  excess to  p l a n t  
requ irem ents  was added, q u a n t i t i e s  o f  sulphur 
m in e r a l i s e d  w i l l  be masked. One important om iss ion  from 
the budget sheet  i s  the q u an t i t y  o f  sulphur con ta ined  in 






























F ig u re  2. S o i l  su lphate  l e v e l s  a t  B lackaddermount,
1 977/78.
A A 64j i gS/ g  s o i l
♦ ♦ 3 2 p g S / g  s o i l
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TABLE 22 . The sulphur budget sheet  f o r  B lackaddermo ant





D e p o s i t i o n
P a r t i c u l a t e
D e p o s i t i o n R a i n f a l l  üCrop n Removal Balance
0 2 .6
CMoo 6 o 8 28.0 -  1 80U
ko (V) o ov 0 o2 6 .8 33.8 15.8
80 2.6
CMoo 6 .8 39.5 50oi
1 60 ro 0 OV 0.2 6 .8 38 0 2 1 31 .k
TABLE 23 The Sulphur budget sheet  f o r Dykegatehead





D e p o s i t i o n
P a r t i c u l a t e  
Depos i t  ion R a i n f a l l  -, Removal Balance
0 2 o 6 0.2 7.6 26.7 -  1 6 . 7
ko 2 .6 0o2 7o6 3 0 o6 19 06
80 2 . 6
CMoo
VOor- i+1 .0 U9.2
1 60 2 . 6
CMoo 7 .6 3 8 . 0 92 0 2
1 1 4
es t im ated  amount o f  sulphur m in e r a l i s e d  cou ld be a s l i g h t  
u n d e r - e s t im a te .  During the 1978 season 1 .5  p e r c e n t  o f  
the t o t a l  s o i l  sulphur was aga in  m in e ra l i s e d  but some o f  
t h i s  sulphur cou ld have o r i g i n a t e d  from sloughed o f f ,  
dead r o o t  m a t e r i a l  from the p r e v io u s  season and not 
d e r i v e d  d i r e c t l y  from the s o i l  sulphur p o o l .
The budget shee t  c l e a r l y  shows the s i g n i f i c a n c e  o f  
su lpha te  d e r i v e d  from s o i l  o rga n ic  sulphur where 
a tm ospher ic  inputs  a lone  were i n s u f f i c i e n t  f o r  maximum 
herbage p rod u c t io n .  Th is  m arg ina l  s i t u a t i o n  n e c e s s i t a t e s  
a g r e a t e r  understand ing  o f  shor t  term m in e r a l i s a t i o n /  
im m o b i l i s a t i o n  p rocesses  o c c u r r in g  in the s o i l .  A lso  
the more l a b i l e  forms o f  o rgan ic  sulphur,  which are the 
p r ecu rso rs  o f  a v a i l a b l e  su lph a te ,  need to be i d e n t i f i e d  so 
that  a measure o f  a s o i l s  p o t e n t i a l  to m in e r a l i s e  sulphur 
can be made. The need f o r  a measure o f  the s o i l s  sulphur 
s t a t u s ,  o th e r  than the w id e ly  used e x t r a c t a b l e  su lpha te ,  
i s  c l e a r  when one c on s id e rs  tha t  the e x t r a c t a b l e  sulphate 
o f  the Whitsome s o i l  was i n s u f f i c i e n t  f o r  the  f i r s t  cut o f  
g rass  at  both s i t e s D
1+.2.2 West o f  Sco t land  F i e l d  T r i a l s
The f i e l d  t r i a l s  in  the West o f  Scot land were s e t  up 
a f t e r  r e p o r t s  o f  low herbage sulphur contents  in  t h i s  area 
had been r e c e i v e d  (McPherson, 197 8 ) .  The t r i a l s  were 
des igned  to i n v e s t i g a t e  p la n t  y i e l d  response to added 
su lphur.  Exper imenta l  d e t a i l s  have been r e p o r t e d  above 
( s e c t i o n  3 . 3 . 2 ) .
I 1 5
A d d i t i o n s  o f  s u l p h u r  i mpr o v e d  t h e  s u l p h u r  c o n t e n t  o f  
h e r b a g e  a t  b o t h  Woodhead and C r i c h t o n  ( T a b l e  2 U ) • The 
t r e a t m e n t  e f f e c t  a t  C r i c h t o n  was more p r o n o u n c e d ,  
p r e s u m a b l y  b e c a u s e  e x t r a c t a b l e  s o i l  s u l p h a t e  l e v e l s  w e r e  
s u b s t a n t i a l l y  l o w e r  t h a n  t h o s e  a t  Woodhead.  H e r b a g e  
f r o m  p l o t s  w h i c h  r e c e i v e d  no adde d s u l p h u r  had a s u l p h u r  
c o n t e n t  v e r y  c l o s e  t o  v a l u e s  c o n s i d e r e d  c r i t i c a l  f o r  
opt i mum s u l p h u r  n u t r i t i o n  ( 0 . 1  5 - 0 . 1  6% S ) .  A g a i n  h e r b a g e  
c o l l e c t e d  f r o m  C r i c h t o n  s howed t h e  l o w e r  b a s a l  l e v e l s  o f  
s u l p h u r  b e c a u s e  l e s s  e x t r a c t a b l e  s o i l  s u l p h a t e  was 
p r e s e n t .  As  w i t h  t h e  B e r w i c k s h i r e  f i e l d  t r i a l s ,  p l a n t  
s u l p h a t e - S  a p p e a r e d  t o  be a more s e n s i t i v e  i n d i c a t o r  o f  
p l a n t  s u l p h u r  s t a t u s .  A d d i t i o n  o f  s u l p h u r  c a u s e d  a two 
and o f t e n  t h r e e  f o l d  i n c r e a s e  i n  h e r b a g e  s u l p h a t e  l e v e l s .  
I n d e e d  much o f  t h e  i n c r e a s e  i n  t o t a l  s u l p h u r  c a n  be 
a t t r i b u t e d  t o  i n c r e a s e d  s u l p h a t e  l e v e l s .  T o t a l  s u l p h u r  
v a l u e s  f o r  t h e  z e r o  t r e a t m e n t s  i n d i c a t e d  t h a t  a v e r y  
m a r g i n a l  s u f f i c i e n c y  e x i s t e d  a t  C r i c h t o n  and y i e l d  
r e s p o n s e s  t o  added s u l p h u r  m i g h t  be e x p e c t e d .  A t  
Woodhe ad t h e  h e r b a g e  t o t a l  s u l p h u r  c o n t e n t s  we r e  
s u f f i c i e n t  and no y i e l d  i mp r o v e me n t s  b r o u g h t  a b o u t  by 
s u l p h u r  a d d i t i o n s  v/ould be e x p e c t e d .
¿ + . 2 . 2 . 2  D r , y - m a t t e r  p r o d u c t i o n
T h e  y i e l d  d a t a  ( T a b l e  2h)  e x h i b i t e d  no s i g n i f i c a n t  
r e s p o n s e  t o  a d d e d  s u l p h u r .  Hence t h e  s o i l  and 
a t m o s p h e r e  a r e  p r e s e n t l y  s u p p l y i n g  a d e q u a t e  s u l p h u r  f o r  
maximum y i e l d s  i n  t h i s  p a r t  o f  S c o t l a n d .  I n  a d d i t i o n
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widespread  use o f  s lu r r y  in t h i s  area  may p r e s e r v e  
s u p p l i e s  o f  o rgan ic  sulphur in  the  s o i l .
4 . 2 . 2 . 3  E x t r a c t a d l e  s o i l  su lphate  (T a b le  25)
The d i f f e r e n c e  between the i n i t i a l  s o i l  su lpha te  
l e v e l s  a t  the two s i t e s  has been mentioned e a r l i e r  in  
c on tex t  w i th  the  e f f e c t s  upon sulphur l e v e l s  in  the 
herbage o f  z e ro  t r e a t e d  p l o t s  ( s e c t i o n  i+ .2 .2 .-| ) .  S o i l  
a n a l y s i s  a t  the  second cut c l e a r l y  showed depressed  l e v e l s  
o f  su lphate  a t  both s i t e s .  Th is  im p l ied  that 
m i n e r a l i s a t i o n  r a t e s  d id not match uptake r a t e s .  These 
f i n d in g s  c o n t ra s te d  w ith  the  B e rw icksh ire  data Y/here 
Whitsome s o i l  su lphate  l e v e l s  in  the  ze ro  sulphur 
t rea tments  d id  not va ry  s i g n i f i c a n t l y  during the  grov/ing 
season,, U n fo r tu n a te l y  on ly  two cuts could be made but 
a t h i r d  cut could w e l l  have shown a y i e l d  response to 
added sulphur s in ce  a fu r t h e r  d e p l e t i o n  o f  the  s o i l  
sulphur p o o l  would have been made.
S o i l  su lphate  l e v e l s  f o r  the sulphur t r e a t e d  p l o t s  
can be seen to  be p e r f e c t l y  adequate f o r  fu tu re  cuts o f  
g ra ss  made in the  same season.
No d e t a i l e d  sulphur budget was determined f o r  t h i s  
area  but t o t a l  p la n t  sulphur and e x t r a c t a d l e  s o i l  su lphate  
data c l e a r l y  in d ic a t e d  tha t  a ga in  on ly  m arg ina l  sulphur 
s u f f i c i e n c y  e x i s t e d  (p redom inan t ly  v/ester ly  winds in  th i s  
r u r a l  a rea  a re  l i k e l y  to c o n t r ib u te  below ave rage  
amounts o f  atmospher ic  su lp h u r ) .
1 1 9
TABLE 25, E x t r a c t a b l e  s o i l  su lpha te  l e v e l s  -  West o f  
Sco t land  f i e l d  t r i a l s
Added S 
(kgS/ha)
C r ich ton  ( jigSG^-S/g) Woodhead (jigSO^-S/g)
P r e - t r e a tm e n t  Cut 2 P r e - t r e a tm e n t  Cut 2
0
50
Standard e r r o r
s i g n i f i c a n c e  
l e v e l
koJi 2 02 
1 20 9
-  2 o 2
xxs
2o 9 
l 5 o k  
-   ̂ .7
XXX
The above data r e p res en ts  the  mean o f  fou r  r e p l i c a t e  p l o t s .
1 2 0
4 » 2 o3 F i e l d  T r i a l s  in the Edinburgh Area (B o g h a l l  Farm)
The t r i a l s  in the Edinburgh area  were l a i d  down, as 
d e s c r ib e d  above in  s e c t i o n  3 * 3 . 3°> to  examine p o s s i b l e  
y i e l d  responses  to added sulphur, i n v e s t i g a t e  the  su lphur 
s ta tu s  o f  the  r y e g r a s s  c rop ,  and to  cons tru c t  a sulphur 
budget shee t  f o r  the  a r e a .  Th is  would enable 
comparisons to be made between ru r a l  B e rw ick sh ir e  and the 
more i n d u s t r i a l i s e d  Edinburgh a rea «
4 o2 o3o1 Sulphur l e v e l s  in  herbage
The t o t a l  sulphur data (T ab le  27) in d ica te s  that  a 
y i e l d  response  to added sulphur would not be expec ted «
Th is  i s  because the c o n t r o l  p l o t s ,  during both y e a r s ,  
y i e l d e d  herbage c o n ta in in g  between 0.1 9 and 0 o27 percen t  
su lphur.  These l e v e l s  o f  sulphur were adequate to 
ensure maximum y i e l d s .  The a d d i t i o n  o f  f e r t i l i s e r  
sulphur s i g n i f i c a n t l y  in creased  t o t a l  p la n t  sulphur l e v e l s  
f o r  bo th  g row ing  seasons.  An in c rease  in p lan t  sulphur 
l e v e l s  dur ing  the 1979 growing season was observed (such 
an in c rea se  was a ls o  noted f o r  the  B e rw ick sh ir e  f i e l d  
t r i a l s )  a l though  during 1 980 p la n t  sulphur l e v e l s  
remained f a i r l y  c ons tan t «  The p lan t  sulphur l e v e l s  
r e co rd ed  du r in g  1 980 were g e n e r a l l y  h igher  than those 
re corded  d u r in g  1 979° Th is  v/as p robab ly  due to the 
r e s id u a l  va lu e  o f  the sulphur ap p l ied  in  s p r in g ,  1 979 
( s e e  s u b - s o i l  su lphate  l e v e l s  in  Tab le  30) and the l a r g e r  
a tmospher ic  sulphur input dur ing  1 980 ( s e e  sulphur budget 
shee ts  f o r  1 979 and 1 980 -  Tab les  31 and 3^) °
1 2 1
TABLE 28 . E x t r a c ta b le  p la n t  su lphate  con ten t  o f  herbage
-y
harves ted  from B ogh a l l  , 1 979 (pgS/




40 1 6 Oi
60 1395
80 1 645
1 00 1 645
£mean o f  th r e e  r e p l i c a t e  p l o t s .










E x t r a c t a b l e  p la n t  su lpha te  l e v e l s  were o n ly  
determined du r ing  1979 (T a b le  2 8 ) .  As above ,  the 
pe rcen tage  o f  the p lan t  sulphur occu rr ing  as su lphate  
in c reased  as the f e r t i l i s e r  sulphur a d d i t i o n  In c r ea sed .  
The data f o r  th e  c o n t r o l  p l o t s  showed tha t  over  f o r t y  
p e rcen t  o f  the t o t a l  sulphur occurred  as su lphate  
i n d i c a t i n g  aga in  that  y i e l d  responses  to  added sulphur 
were u n l i k e l y .
4 o2 . 3 c 2 Dry -m at te r  p rodu c t ion  (T a b le  26)
As p r e d i c t e d  by the  p la n t  sulphur l e v e l s  d iscussed 
in  the  p r e v io u s  s e c t i o n  no d ry -m a t te r  y i e l d  responses to 
added sulphur were ob ta in ed .  T h e r e fo r e  during 1979 and 
1980 the herbage r e c e i v e d  s u f f i c i e n t  sulphur from s o i l  
and a tm ospher ic  sources .
4 .2  . 3 o3 The sulphur budget
A sulphur budget f o r  the  g rass  crop grown a t  B ogha l l  
f o r  two g row ing  seasons was prepared  (T ab le s  31 and 32) 
in  the same manner as f o r  the B e rw ick sh ir e  f i e l d  
exper iments r e p o r t ed  above ( s e c t i o n  4 o 2 . i „ 4 ) .  The 
e r r o r s  and l i m i t a t i o n s  o f  such a budget are  f u l l y  
d iscussed  in s e c t i o n  4.2 .1  .4 »  E x t r a c ta d le  s o i l  su lphate  
l e v e l s  showed th a t  p r a c t i c a l l y  a l l  the  sulphur a p p l i e d  
during the  s p r in g  o f  1979 was removed from the  t o p s o i l  
(0 -20  cns) by March 1 980 (as  was found in  B e rw ick sh ir e  
during 1 977 and 1 9 7 8 )o However a n a ly s is  o f  s o i l ,  
sampled at  dep th ,  showed th a t  where 1 00 kgS/ha had been 
added s i g n i f i c a n t  amounts o f  sulphur at 30-40 crris depth ,
1 2 3
TABLE 26 . Dry-mat t e r  y i e l d s  ob ta ined  from B o g h a l l ,
1 979 a ra  j 960 (kg  P .M ./ha )
Added sulphur 1 979 1 980
kgS/ha CUT 1 CUT 2 CUT 1 CUT 2
0 61+71 2871 5621 4056
10 7201 2881+ 5684 4337
20 691 6 291 9 5558 4007
40 7344 2531 551 7 4l 97
60 7911+ 2842 61 05 3979
80 7129 2862 5726 4309
1 00 8627 2943 6727 4748
Standard e r r o r -  61+9 ± 1 93 ± 552 ± 21 9
E f f e c t  o f  added sulphur was not s i g n i f i c a n t  a t  any cu t .
x
mean o f  th r e e  r e p l i c a t e  p l o t s .
TABLE 27. T o t a l sulphur conten t  o f  herbage harvested
from B ogh a l l^ ,  1979 and 1 980 (gS/lOOg D.M. )
Added sulphur 1 979 1 980
(kgS/ha) CUT 1 CUT 2 CUT 1 CUT 2
0 0.1 86 0.265 O.226 0 c 265
1 o 0.1 99 0.284 0 0 270 0.277
20 0.21+1 0.285 0.253 0o287
40 0 o2l+3 0.340 0.276 0.273
60 0 o 231 0.329 0.290 O.305
80 0.259 0.382 0o282 0.286
1 00 0.255 0.365 0.345 0,290
Standard e r r o r i  0.006 ± 0.008 -  0.020 -  O0O1 8
E f f e c t  o f  added 
cuts and f o r  cut
sulphur was 
1 in  1 980
s i g n i f i c a n t  in  1 979 f o r  both 
(p <. 0.01 ) but not s i g n i f i c a n t
a t  cut 2 in  1980.
y
mean o f  th r e e  r e p l i c a t e  p l o t s .
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TABLE 2 9« E x t r a c t a b l e  s o i l  su lphate  l e v e l s  at  B o g h a l l  
dur ing  1 979-1 980 (pgSO^-S/g s o i l )
Added sulphur P r e - f e r t i l i s a t i o n  Cut 2^ F r e - f e r t i l i s a t i o
( kgS/ha) (5 A / 7 9 ) (5/1 0/79) (A / 3 / 8 0 )
0 5 = 0X 2=7 6 oO
10 5.0 3 = 8 5 = 9
20 5o0 A 5 6.6
UO 5 = 0 8 c5 7 A
60 5 = 0 1 1 .7 7.8
80 5 = 0 13 = 7 8 .8
1 00 5 = 0 1 6 oi 7.6
A n a ly s i s  per formed on a bulk sample c o l l e c t e d  from t r i a l  
a r e a »
^Mean o f  th ree  r e p l i c a t e  p l o t s 0
TABLE 30o E x t r a c t a b l e  s u b - s o i l  su lphate  l e v e l s  a t  B ogh a l l
dur ing  Spr ing  1 980 (pgS0j -S/g s o i l ) 3̂ 
Added sulphur
S o i l  depth 
( cm. ) OkgS/ha 100kgS/ha
0- 1 0 7 = 5 8.9
1 0-20 6o3 7.0
20-30 ko2 7 = 5
3 0 A 0 U = 6 1 2.8
£Mean o f  f o u r  r e p l i c a t e  cores
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was s t i l l  p r e sen t  the f o l l o w i n g  s p r in g .  S ince  t h i s  
" r e s id u a l " s u lp h a t e  would be a v a i l a b l e  to the g r a s s  crop 
the sulphur surp lus shown on the 1 980 budget sh ee t  f o r  
the  l a r g e r  a d d i t i o n s  o f  sulphur was underes t imated .
Examinat ion  o f  the budget shee ts  showed tha t  even 
in  an urban area o f  s u b s ta n t ia l  a tmospher ic  sulphur* input 
the  s o i l  remained a net  c o n t r ib u t e r  o f  sulphur. In  1 979 
ij-2 p e r c e n t  o f  the sulphur removed by the crop was d e r i v e d  
d i r e c t l y  from the s o i l  w h i l s t  in  1 980 3b pe rcen t  was 
ob ta in ed  from s o i l  s u p p l i e s .  The a p p l i c a t i o n  o f  1 OkgS/ha 
appeared to a lmost balance sulphur input w ith  crop 
remova l  and t h e r e f o r e  in th is  case  no d e p l e t i o n  o f  the  
s o i l  su lphur occurred .  Where a p p l i c a t i o n s  o f  sulphur 
g r e a t e r  than 1OkgS/ha were made, l a r g e  surp luses  o f  
sulphur were found in d i c a t in g  u n n e c e s s a r i l y  h igh r a t e s  o f  
a p p l i c a t i o n .  The ba lance sheets  a re  v e r y  s im i l a r  f o r  
the  two grow ing seasons except that  h igh  summer r a i n f a l l  
dur ing  1 980 increased  the amount o f  sulphur added in  
r a i n f a l l .  Some v a r i a t i o n  in the dry d e p o s i t i o n  o f  
su lphur between the two grow ing seasons was a l s o  apparen t .
To make up the sulphur d e f i c i t  • o f  the c o n t r o l  p l o t s  
r e q u i r e d  m in e r a l i s a t i o n  o f  0 .7  percen t  o f  the t o t a l  s o i l  
sulphur dur ing  the 1979 grow ing season and 0 .7  percen t  
dur ing  the  1980 growing season. Labo ra to ry  in cu ba t ion  
and su lphur-35 experiments d es c r ib ed  below ( s e c t i o n s  t .U  
and 1+.5 r e s p e c t i v e l y )  i n d i c a t e  tha t  such l e v e l s  o f  
sulphur m in e r a l i s a t i o n  appear r e a l i s t i c .
1 2 6
TABLE 31 • The sulphur budget sheet  f o r  B o gh a l l  from 





Depos i t  ion
P a r t i c u l a t  e 
Depos i t  ion R a i n f a l l
Crop
Removal Balance





O• 0 .13 6.6 22.52 -  1 »11
20 4. 68 0.13 6.6 24.99 6.42
40 4o68 0.1 3 6 .6 26.46 24.95
60 4.68 o o Vj-
j 6.6 27.63 43.78
80 4 .68 0.13 6 06 29.39 62 o 02
1 00 4.68 Ooi 3 6 o 6 32.74 78.67
TABLE 32 . The sulphur budget sheet  f o r  B ogh a l l  from 




D e p o s i t i o n
P a r t  i c u l a t e  
D e p o s i t i o n R a i n f a l l
Crop
Removal Balance
0 6 o1 2 0 o1 6 9o3 23o45 -  7.87
1 o 6 d  2 0 o1 6 9.3 27 o36 -  1 .78
20 6 d  2 0.1 6 9.3 25.56 1 0.02
40 6.12 Ooi 6 9.3 26.69 28 o89
60 6 o1 2 Ooi 6 9o3 29.84 45.74
80 6 d  2 Ooi 6 9.3 28.47 67o1 1
1 00 6 o1 2 0.1 6 9o3 36.98 78.60
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A l t h o u g h  t h e  f i e l d  e x p e r i m e n t s  p r o v i d e d  v a l u a b l e  
i n f o r m a t i o n  on t h e  s u l p h u r  b u d g e t ,  t h e  t i me  a v a i l a b l e  
p e r m i t t e d  o n l y  two s o i l  t y p e s  t o  be t h o r o u g h l y  i n v e s t i g a t e d .  
The p o t  e x p e r i m e n t s  a l l o w e d  a s t u d y  o f  t h e  s u l p h u r  s t a t u s  
o f  s e v e r a l  S c o t t i s h  s o i l  s e r i e s .  A l s o  t h e  more c o n t r o l l e d  
c o n d i t i o n s  a f f o r d e d  by p o t  e x p e r i m e n t a t i o n  e n a b l e d  a n  
a c c u r a t e  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  a d d e d  n i t r o g e n  
and s u l p h u r  o n  t h e  c h e m i c a l  c o m p o s i t i o n  o f  s u l p h u r  
s u f f i c i e n t  and s u l p h u r  d e f i c i e n t  p l a n t s .  The  a i ms  o f  t h e  
i n d i v i d u a l  p o t  e x p e r i m e n t s  a r e  o u t l i n e d  b e l o w .
4 . 3 o1 E x p e r i m e n t  I
T h i s  e x p e r i m e n t  was s e t  up u s i n g  s o i l s  o b t a i n e d  f r o m  
t h e  two B e r w i c k s h i r e  f i e l d  s i t e s .  The a i ms  w e r e  t o  
i n v e s t i g a t e  t h e  d i f f e r e n c e s  i n  m i n e r a l  c o m p o s i t i o n  b e t w e e n  
s u l p h u r  d e f i c i e n t  and s u l p h u r  s u f f i c i e n t  p l a n t  t i s s u e .  An 
a t t e m p t  was a l s o  made t o  c l a r i f y  why g r a s s  g r o wn  i n  t h e  
g l a s s h o u s e  s howed y i e l d  r e s p o n s e s  t o  adde d s u l p h u r  ( Mc L a r e n ,  
1975) w h i l s t  g r a s s  grown i n  t h e  f i e l d  d i d  n o t .
4 . 3 . 1  »1 D r y - m a t t e r  p r o d u c t i o n  ( T a b l e s  33 and 34)
The f i r s t  c u t  (52 d a y s )  showed no y i e l d  r e s p o n s e  t o
a d d e d  s u l p h u r  b u t  t h e  e f f e c t  o f  n i t r o g e n  a d d i t i o n s  c o u l d
be c l e a r l y  s e e n .  A l s o  l i t t l e  d i f f e r e n c e  b e t w e e n  s o i l s
was o b s e r v e d .  The  s e c o n d  c u t ,  made a f t e r  87 d a y s ,  s howed
a m a r k e d  r e s p o n s e  t o  a d d e d  s u l p h u r  w h e r e  n i t r o g e n  had a l s o
b e e n  a p p l i e d .  The a d d e d  s u l p h u r  i n c r e a s e d  d r y  m a t t e r
growth
y i e l d s  b y  25 - 3 6 %.  The  c o n t r o l  p o t s  showed a s t u n t e a ^ r a t e
¿4-e3 Pot  Experiments
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TABLE 33 • P o t  Experiment I .  Dry matter  y i e l d s 35"




bg s o i l )
Low N High N E rro r Low N High N E r ro r
0 4 . 9 6 o3 4 .2 ô 0 -u
GUT 1 8 4 .5 6 , 8
C
MCMoo
+l 4 o0 6 , 2 -  0 ,25
40 4 = 6 6 . 8 3o9 7.1
0 - 3 o9 - 4=6
CUT 2 8 - 5 o8 1 0.1 9 - 5=4 1  0,1 4
¿10 - 6 o1 - 6 ,1
0 4=6 3o2 4 .2 3 .7





o+1 4 = 2 4=5 -  0,10
40 4 .4 4o4 4 = 2 4 = 5
mean o f  t h r e e  r e p l i c a t e  p o t s
The  e f f e c t  o f  a d d e d  S n o t  s i g n i f i c a n t  a t  c u t  1 on e i t h e r  s o i l ,  
s i g n i f i c a n t  on b o t h  s o i l s  a t  c u t  2 and B l a c k a d d e r m o u n t  a t  
cut 3 (P <■ 0.001 ) ) and s i g n i f i c a n t  on D y k e g a t e h e a d  a t  c u t  3 
(P <. 0.01 )
The e f f e c t  o f  a d d e d  N s i g n i f i c a n t  on b o t h  s o i l s  a t  c u t  1 and 
B l a c k a d d e r m o u n t  a t  c u t  3 (P < 0 . 0 0 1 )  and on D y k e g a t e h e a d  a t  
c u t  3 (P < 0 .001  ) •
TABLE 34.
Add e d  s u l p h u r  




1 3=4 8 ,4 1 5 = 0
1 6 ,4 8 , 2 1 6, 1
1 7 = 3 8 , 1 1 7 = 5
P o t  E x p e r i m e n t  I .  T o t a l  d r y  m a t t e r  y i e l d s  f o r  
t h e  g r o w t h  p e r i o d  ( g  D . I I . / p o t )
B l a c k a d d e r m o u n t  D y k e g a t e h e a d




and the g ra s s  was n o t i c e a b l y  c h l o r o t i c .  Consequent ly  
the c o n t r o l  p o ts  were not ha rves ted  at the  second cu t .
A t  the t h i r d  cu t ,  made a f t e r  170 days, the y i e l d  response 
to added sulphur was l e s s  marked but s t i l l  e v id e n t  in  the 
h igh  n i t r o g e n  t rea tm ents .  A pa r t  from the o v e r a l l  
response to added sulphur the po ts  r e c e i v i n g  1 00 kgS/ha 
y i e l d e d  s i g n i f i c a n t l y  more dry m atter  than those 
r e c e i v i n g  20kgS/ha. Thus the herbage grown in  the p o t ,  
r e c e i v i n g  320kg/N, r e qu ir ed  more than 20kgS/ha in a d d i t i o n  
to the su lpha te  d e r i v e d  from the s o i l  o rgan ic  poo l  to 
ensure optimum y i e l d s .  However the 1973 B e rw ick sh ir e  
c o n t r o l  p l o t s ,  which r e c e i v e d  on ly  1 OkgS/ha (as  r a i n f a l l  
and a tm ospher ic  sulphur inputs )  in  a d d i t i o n  to s o i l  
sulphur d id  not g i v e  y i e l d  responses to added sulphur. 
F a c to rs  c o n t r i b u t in g  to  t h i s  d i s p a r i t y  between f i e l d  and 
pot  exper iments  inc luded h igh e r  p la n t  p o p u la t i o n  d e n s i t y  
in  the p o t  and a sm al l ,  s h a l low e r  volume o f  s o i l  which 
would become d e p le t e d  o f  n u t r i e n t s  more q u ic k ly  than in  
the f i e l d o
The y i e l d  data o v e r a l l  can be exp la ined  in  terms o f  
d i f f e r e n t i a l  r a t e s  o f  sulphur supply versus r a t e s  o f  
su lphur uptake. At the beg inn ing  o f  the exper iment 
p la n ts  u t i l i s e d  sulphur de r iv ed  from seed r e s e r v e s  and the 
r e a d i l y  a v a i l a b l e  s o i l  sulphate and t h e r e f o r e  no y i e l d  
responses would be expected a t  the f i r s t  cut .  However by 
the  second cut ,  s o i l  su lphate  l e v e l s  v/ere d e p l e t e d  and 
where net  sulphur m in e r a l i s a t i o n  r a t e s  did not match p lan t  
requ irem ent  a response to added sulphur would be expected,.
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A l e s s  marked y i e l d  response  to added sulphur might be 
expec ted  a t  the th i r d  cut s in c e  the sen esc ing  grass  
r e q u i r e d  l e s s  sulphur.
Uo3.1 *2 R e c o g n i t i o n  o f  sulphur d e f i c i e n c y  by p lan t  
a n a l y s i s
Th is  work u t i l i s e d  the herbage from the second cut as 
i t  con ta ined  examples o f  sulphur s u f f i c i e n c y  and sulphur 
d e f i c i e n c y .  Throughout t h i s  exper iment p la n t  t o t a l  
sulphur was determined by a chemical o x id a t i o n  method 
which was shown to underes t im ate  the amount o f  sulphur 
p re s en t  ( s e e  Appendix I I ) .  T h e r e fo r e  t o t a l  sulphur va lu es  
can on ly  be compared withinthe exper iment and not w i th  
va lu es  ob ta in ed  f o r  the f i e l d  t r i a l s .  I t  was found that  
t o t a l  su lphur va lu es  d id  not c l e a r l y  r e l a t e  to sulphur 
d e f i c i e n c y / s u f f i c i e n c y  o b s e r v a t i o n s  made a t  the va r iou s  
s tages  o f  growth. Th is  was because t o t a l  sulphur va lues  
f o r  sulphur d e f i c i e n t  and sulphur s u f f i c i e n t  p la n ts  
d i f f e r e d  v e r y  l i t t l e  making assessment o f  the p la n ts  
sulphur s ta tu s  d i f f i c u l t  (T a b le  35 )°
E x t r a c ta b l e  p la n t  su lphate  l e v e l s  e x h ib i t e d  an 
improved r e l a t i o n s h i p  w ith  y i e l d  and are  t h e r e f o r e  
p robab ly  more u se fu l  f o r  the d ia gn os is  o f  the sulphur 
s ta tu s  o f  herbage .  Prom the data (Tab le  36 and P i g .  b) 
i t  can be seen th a t  when l e v e l s  o f  e x t r a c t a b l e  p la n t  
su lpha te  f e l l  be low 600yigS/g a y i e l d  response to  added 
sulphur could  be expec ted .  Th is  compares w i th  c r i t i c a l  
p l a n t  su lphate  v a lu e s  o f  1 OOpgS/g r e p o r t e d  by P ren ey  e t  a l . ,  
(1978) f o r  wheat and 320pgS/g f o r  r y e g ra s s  (D i jk s h o o rn  e t
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TABLE 35• Po t  Experiment I .  P l a n t  T o ta l  Sulphur*




kg s o i l )
B l a c k a d d e  
Low N
rmount  
H i g h  N
S t a n d a r d
E r r o r
D y k e g a t  e head  
Low N H i g h  N
0 1 693 667 2583 1 493
GUT 1 8 2 793 1 753
+ 78 3197 2540







1 67 11 63 
2350
0 1880 800 2280 1 000
CUT 3 8 2300 1 000
+ 76 2800 1160
40 3450 2440 41 40 3750
d u p l i c a t e  d e t e r m i n a t  i o n s made on e a c h  o f t h r e e r e p l i c a




p l o t s .
E f f e c t  o f  S s i g n i f i c a n t  a t  c u t  1 on b o t h  s o i l s  and a t  c u t  2 
on D y k e g a t e h e a d  (P < 0.001 ) ,  s i g n i f i c a n t  a t  c u t  2 and c u t  3 
on B l a c k a d d e r m o u n t  (P < O . O i ) ,  b u t  n o t  s i g n i f i c a n t  a t  c u t  3 
on D y k e g a t e h e a d .
E f f e c t  o f  N s i g n i f i c a n t  a t  c u t  1 on b o t h  s o i l s  (P <. 0.001 ) 
and a t  c u t  3 on B l a c k a d d e r m o u n t  (P < O . O i ) ,  b u t  n o t  
s i g n i f i c a n t  on D y k e g a t e h e a d  a t  c u t  3°
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TABLE 36 . Po t  exper iment  I .  E x t r a c t a b l e  p la n t  su lp h a te^
( ) lgSo£-S/g D.M.)
Sulphur Blackaddermount standard Dykegatehead standard
Err01- Low N High N Er'ror '
1 600 5 27
± 59 2033 1247 1 82
2520 1 793
(mgmS/ 
Wg s o i l ) Low N High N
0 950 320
GUT 1 8 1 91 0 940
40 2227 1887
0 50
CUT 2 8 287
40 1593




^ d u p l i c a t e  d e te rm in a t ion s  on each o f  th ree  r e p l i c a t e  p o t s 0
E f f e c t  o f  S s i g n i f i c a n t  a t  cut 1 and cut 2 on both  so i l s  
(P  < O.OOi )


































































































a_l. , 1 960.) The absence o f  a y i e l d  response to added
sulphur at  the B e rw ick sh ire  f i e l d  s i t e s  f i t s  in  w i th  the 
above va lu e  s in c e  e x t r a c t a b l e  su lphate  l e v e l s  in  the  
herbage n eve r  f e l l  below 600p.gS/g. The f a c t  th a t  
su lpha te  l e v e l s  in  herbage w i l l  r e p re s e n t  a ba lance  
between uptake and u t i l i s a t i o n  ( i n c o r p o r a t i o n  o f  su lphate  
in t o  complex o rgan ic  m o lecu les )  p rob a b ly  e x p la in s  i t s  
u se fu ln ess  in  sulphur status d i a g n o s i s .
The b es t  i n d i c a t i o n  o f  herbage sulphur s ta tus  was
in d i c a t e d  by the su lpha te  content  expressed  as a
p e r c e n ta g e  o f  the t o t a l  sulphur. Other workers have
♦Tat,
r e p o r t e d  s im i l a r  f i n d in g s  (F r e n e y ^  1 978 ) .  herbage 
c o n ta in in g  a t  l e a s t  30fS o f  the t o t a l  sulphur as su lphate  
was sulphur s u f f i c i e n t  ( F i g .  5) whereas herbage 
c o n ta in in g  a l e s s e r  p r o p o r t i o n  o f  su lphate  may show 
y i e l d  responses  to added sulphur. Th is  measurement o f  
p la n t  sulphur s ta tus i s  e s p e c i a l l y  u s e fu l  s ince  i t  
appears to be independent o f  p lan t  age .  This a l l o w s  
e a r l i e r  r e c o g n i t i o n  o f  sulphur d e f i c i e n c y  in  t ime f o r  
r e m ed ia l  a c t i o n  to be most e f f e c t i v e .  An i n v e s t i g a t i o n  
in to  the  r e l a t i o n s h i p  between e x t r a c t a b l e  p lan t  su lphate  
and e x t r a c t a b l e  p la n t  n i t r a t e  in  herbage was performed,.
I t  was thought tha t  where sulphate conten ts  were low ,  a 
l i m i t a t i o n  on p r o t e i n  manufacture w i th in  the p la n t  might 
be imposed, which would be in d ica ted  by a bu i ld  up o f  
n i t r a t e  in  the  p la n t  t i s s u e .  R esu l ts  showed (T a b le  37) 
that  any a p p re c ia b le  accumulat ion  o f  n i t r a t e  on ly  











































































































































around 50pgS/g. S ince e x t r a c t a b l e  p la n t  su lphate  
l e v e l s  a re  u n l i k e l y  to f a l l  t o  such low l e v e l s  in  the 
f i e l d ,  where atmosphere and r a i n f a l l  a d d i t i o n s  occur^the  
accum ula t ion  o f  n i t r a t e  would appear to have l i t t l e  
p r a c t i c a l  a g r i c u l t u r a l  s i g n i f i c a n c e  in the U.K. No 
o v e r a l l  c o r r e l a t i o n  could be seen between the e x t r a c t a b l e  
su lpha te  and n i t r a t e  l e v e l s  when su lphate  l e v e l s  exceed 
50yigS/g ( r  = - 0 . 5 0 ) .
4.3=1 »3 The n u t r i t i o n a l  q u a l i t y  o f  sulphur d e f i c i e n t /  
s u f f i c i e n t  herbage .
The l e v e l  o f  t o t a l  sulphur needed f o r  optimum sulphur 
n u t r i t i o n  by l i v e s t o c k  in  between O.18  and 0.25% S ( T i s d a l e ,  
1977)o However the p la n t  t o t a l  sulphur va lues  r e p o r t e d  
here  a re  underest imated and cannot be compared w i th  o th e r  
work which employed o th e r  methods o f  t o t a l  sulphur 
d e t e r m in a t i o n D
The crude p r o t e in  data (T a b le  38 ) p r o v id e s  no 
ev id ence  f o r  supposing tha t  sulphur a d d i t i o n s  improved 
crude p r o t e i n  l e v e l s  in  herbage .  No s i g n i f i c a n t  in c r e a s e s  
in  crude p r o t e i n  were observed  f o r  e i t h e r  s o i l  o r  e i t h e r  
l e v e l  o f  n i t r o g e n  a d d i t i o n  a t  any cu t .  The data 
supported o b se rva t io n s  made above ( s e c t i o n  4 . 2 . 1 . 2 )  about 
n i t r a t e  l e v e l s  in herbage.  S ince su lphate  l e v e l s  were 
s u f f i c i e n t  to  p reven t  n i t r a t e  accumulat ion  (e x c e p t  f o r  
S = Opg/g s o i l  and h igh  N in  CUT 2) then presumably they  
were a l s o  s u f f i c i e n t  f o r  optimum crude p r o t e in  p r o d u c t io n .  
A lthough  sulphur a d d i t i o n s  increased  o v e r a l l  crude 
p r o t e i n  p ro d u c t io n ,  by in c r e a s in g  dry m at te r  y i e l d s ,  no
1 3 7







kg s o i l )
Blackaddermount 




Low N High N
0 32 39 22 29
8 32 35 -  3o8 17 36
40 28 27 23 36
0 96 41
8 62 ± 7.7 39
40 47 33
E r ro r
± 5.1
± 4 .8
mean o f  d u p l i c a t e  d e te rm in a t ion s  on each o f  th r e e  r e p l i c a t e  
p o t s .
E f f e c t  o f  S no t  s i g n i f i c a n t  on e i t h e r  s o i l  a t  cut 1 or on 
Dykegatehead a t  cut 2, but s i g n i f i c a n t  a t  cut 2 on 
Blackaddermount (P < 0 o0 i ) .
E f f e c t  o f  N not s i g n i f i c a n t  on Blackaddermount a t  cut 1 o r  
Dykegatehead a t  cut 2, but s i g n i f i c a n t  a t  cut 1 on 
Dykegatehead a t  cut 2 on Blackaddermount (P  <. 0 . 0 i ) .
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TABLE 38• Po t  Experiment I .  P la n t  K j e l d a h l - n i t r o g e n £ 




kg s o i l )
Blackaddermount 




Low N High N
0 1 o39 d .60 1 .29 1 =37




0+l 1 o28 1 .42
40 1 o37 1 .59 1 .43 1 .37
0 1 .83 1 =40
GUT 2 8 1 .20 1 .1 8
40 -1 .1 2 1 .14
0 1 .34 1 =96 1 .34 1 062
GUT 3 8 1 .30 1 =59 ± 0 .14 1 =34 1 .40
40 1 =36 1 =39 1 » 26 1 .40
Standard
E r r o r
± 0.05
-  0.05
mean o f  d u p l i c a t e  d e te rm ina t ions  on each o f  th r e e  r e p l i c a t e  
p o t s .
E f f e c t  o f  added S not s i g n i f i c a n t  a t  any cu t .
E f f e c t  o f  added N on ly  s i g n i f i c a n t  at cut 1 on Blackaddermount 
(P  < 0 . 0 5 ) .
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ev id ence  f o r  increased  herbage c r u d e -p r o t e in  
c o n c e n t r a t i o n s  was ob ta ined ,  which con tras ted  w i th  
p r e v io u s  work (McLaren, et a l . ,  1978).
I t  was i n t e r e s t i n g  to  note  that  added n i t r o g e n  
g r e a t l y  a f f e c t e d  both the l e v e l s  o f  t o t a l  sulphur and 
e x t r a c t a b l e  su lphate  in  the p la n t  t i s s u e  and the t o t a l  
amount o f  sulphur removed by the th ree  harves ts  
(T a b le  3 9 ( a ) )  « Y/here no sulphur had been a p p l i e d  the 
h igh  a d d i t i o n  o f  n i t r o g e n  w h i l e  in c r e a s in g  dry m at te r  
y i e l d s ,  reduced the amount o f  sulphur taken up over  the 
growth  p e r i o d .  When 20kgS/ha was a p p l i e d  s im i l a r  amounts 
o f  su lphur were removed by the herbage a t  both h igh and 
low  n i t r o g e n  l e v e l s .
However when 100 kgS/ha was a p p l i e d  g r e a t e r  amounts 
o f  sulphur were removed by th e  herbage when the high 
n i t r o g e n  a d d i t i o n  was a l s o  made. These f i n d in g s  
in d ic a t e d  th a t  the p lan t  did not d is c r im in a te  between the 
n i t r a t e  and su lphate  anions and t h e r e f o r e  p la n t  uptake 
v a r i e s  in  p r o p o r t i o n  to  the  r e l a t i v e  abundance o f  the two 
n u t r i e n t s .  However when 1OOkgS/ha and the h igh  n i t r o g e n  
t rea tm ents  a re  a p p l i e d  a p o s i t i v e  i n t e r a c t i o n  occurs and 
more sulphur i s  taken up than in  the S=1 OOkg/ha and low  
n i t r o g e n  t rea tm en t .  McLaren (1 976) s i m i l a r l y  observed  
th a t  herbage sulphur con c en t ra t io n s  were reduced by 
n i t r o g e n  a p p l i c a t i o n s .
The r e a l i s a t i o n  tha t  n i t r o g e n  a d d i t i o n s  could 
dec rease  sulphur l e v e l s  in herbage may have a g r i c u l t u r a l  
s i g n i f i c a n c e  and a ls o  e x p la in s  why o th e r  workers (C ow l ing
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and Jones,  1 970) have on ly  observed  y i e l d  responses  to 
added sulphur in the presence o f  added n i t r o g e n .
A l though  both s o i l s  conta ined  s im i l a r  amounts o f  
e x t r a c t a d l e  su lphate  and t o t a l  su lphur , th e  herbage from 
Dykegatehead c o n s i s t e n t l y  showed h ig h e r  l e v e l s  o f  t o t a l  
sulphur which i s  r e f l e c t e d  in  the va lu es  f o r  uptake o ve r  
the g row ing  p e r i o d .  Th is  o b s e r v a t i o n  cannot r e a d i l y  be 
e x p la in e d  s in ce  both s o i l s  d i sp la y ed  v e r y  s im i la r  
chem ica l  and p h y s i c a l  p r o p e r t i e s .  Such a d i f f e r e n c e  
between the s o i l s  was not  seen in  the f i e l d  t r i a l  work.
4 o3»1 »U The sulphur budget f o r  the  po t  exper iment
S in ce  the pots  w i l l  r e c e i v e  i n s i g n i f i c a n t  amounts o f  
a tmospher ic  sulphur (as sulphur d io x id e  and p a r t i c u l a t e  
sulphur) a rough budget sheet  can be drawn up f o r  the pot 
exper iment ( T a b l e  39)•  A l s o  the pots  r e c e i v e d  no 
r a i n f a l l  sulphur and t h e r e f o r e  the s o l e  rem a in ing  sources 
o f  sulphur were the s o i l  and f e r t i l i s e r  su lphurQ 
E x t r a c t a b l e  s o i l  su lphate l e v e l s  f o r  the 0 and 12mg¡ S/pot 
(20kgS/ha) t r ea tm en ts ,  determined at the t h i r d  cut ,  had 
f a l l e n  to the  o r i g i n a l  p r e - f e r t i l i s a t i o n  l e v e l s .  Th is  
o b s e r v a t i o n  in f e r r e d  th a t  the  sulphur r e q u i r e d  to ba lance 
removal a t  h a rves t  o r i g in a t e d  from the o rgan ic  s o i l  
sulphur pool . S o i l  sulphate va lu es  f o r  the h igh es t  
sulphur a d d i t i o n  were v e r y  v a r i a b l e  between r e p l i c a t e s  
and t h e r e f o r e  va lues  f o r  S = 60mg /po t  (S = i00kg/ha) 
t rea tm ents  in  Tab le  do not take in to  account su lphate  
rem ain ing  in  the s o i l .
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TA5L.& 39o Pot Experiment I 0 The Sulphur Budget.
( a )  Sulphur removed in  herbage (mg 3/pot )





B1a cka d d e rmo unt 
Low N High N
1 6 o57 1 0o5l
2 2 . 6 9  




Low N High N
28 086 11 . 68
24  = 55  2 7 = 25
3 2 o 05 5 3 . 4 9
(b )  Sulphur ba lance shee t  (mgmS/pot) -  i n d i c a t i n g  change in  
s o i l  su lphur s ta tu s  a f t e r  h a r v e s t in g  o f  herbage.






Low N H igh  N
- 1 6 .5 7  -  1 0o51
-  10 069 
30.82
9.23
1 8 o 1 2
Dykegatehead 
Low N High N
-  28o86 -  11 068
-  1 2 . 5 5  
27 .95
-  1 5 . 2 5  
6o5l
( c )  The p e rcen tag e  o f  the t o t a l  s o i l  sulphur m in e r a l i s e d  
to ba lance  sulphur removed in  the herbage.






Low N High N
2 = 7 
1 . 7
1 . 7  
1 =5
Dykegatehead 
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T a b le  39 (b )  and ( c )  shows amounts o f  sulphur 
m in e r a l i s e d  o ve r  the growing season .  These amounts 
cannot be compared w ith  amounts determined in the f i e l d  
because a chemica l  o x id a t i o n  method v/as used which 
underes t im ated  p la n t  t o t a l  su lphur.  Betv/een 7 and 
11 mg S/pot o f  sulphur has been m in e ra l i s e d  where the  two 
low e r  a d d i t i o n s  o f  sulphur have been made. Such a r a t e  o f  
net  m in e r a l i s a t i o n  could a ls o  have occurred in the h ighes t  
sulphur t rea tm ents  but no e x t r a c t a b l e  s o i l  su lphate  data 
v/as a v a i l a b l e  to s u b s ta n t ia t e  t h i s  s u p p o s i t io n .
The p e rc en tag e  o f  the t o t a l  s o i l  sulphur m in e r a l i s e d  
over  the  grow ing p e r io d  (T a b le  3 9 ( c ) )  v/as markedly g r e a t e r  
f o r  the ze ro  sulphur trea tments  r e c e i v i n g  low n i t r o g e n  
a d d i t i o n s .  A l l  the  o th e r  va lues  f e l l  w i th in  a narrow 
range w i th  a mean v a lu e  o f  1 065%<>
The much l a r g e r  amounts o f  su lpha te ,  made a v a i l a b l e  
by net m i n e r a l i s a t i o n ,  in th e  S=0, Low N t rea tm ents  could 
be a r e f l e c t i o n  o f  the g r e a t e r  amounts o f  sulphur removed 
by t h i s  t rea tm ent  combinat ion  a t  harves t .  Another 
e x p la n a t io n  i s  tha t  m in e r a l i s a t i o n  r a t e s  a re  f a i r l y  co<vsC<xnC. 
f o r  a l l  t r ea tm en ts  but where p la n t  demand i s  h igh  the 
su lphate  i s  taken up r a th e r  than immobil ised  back in to  
o rgan ic  sulphur (work w ith  S-35> repo r ted  in s e c t i o n s  
4°5.1 ana 4 . 5 . 2 .  demonstrates tha t  net m in e r a l i s a t i o n  
v a s t l y  underes t im ated  gross  m i n e r a l i s a t i o n ) 0
4 .3 .2  Exper iment I I
Th is  exper iment was se t  up to assess  and compare the 
sulphur s ta tus  o f  n ine  a g r i c u l t u r a l  s o i l s  from the East  o f
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Sco t land  ( f o r  d e s c r i p t i o n  see  s e c t i o n  3 . 1 . 2 ) .  The 
sulphur s ta tu s  o f  each s o i l  was i n v e s t i g a t e d  b y : -
( i )  examining d ry -m at te r  y i e l d  response to added 
su lp h u r .
( i i )  c a l c u l a t i n g  the amount o f  sulphur m in e r a l i s e d  
over  the growing p e r i o d .
( i i i )  de te rm in ing  the chemica l  p r o p e r t i e s  o f  the s o i l  
( v i z .  o rgan ic  m a t te r ,  H l - r e d u c ib l e  sulphur, 
r e a d i l y  m in e r a l i s a b l e  sulphur,  t o t a l  su lphur,  
e x t r a c t a b l e  su lphate  and p H ) .
U.3*2.1 Dry-matter production (Table ¿+0)
A p a t t e r n  o f  y i e l d  response to added su lphur,  s im i l a r  
to th a t  found in the p rev iou s  pot  exper iment,  a l s o  emerged 
in  t h i s  exper im en t .  However because the t rea tm ents  were 
o n ly  r e p l i c a t e d  tw ic e  v e ry  few  o f  the y i e l d  responses  
were s t a t i s t i c a l l y  s i g n i f i c a n t  (Macmerry a t  cuts 1 and 2 ) .  
A ga in  the l a r g e s t  response to  added sulphur occurred  a t  the 
second cu t .  However some so i ls  gave y i e l d  responses at 
the f i r s t  cut w h i l s t  the th i r d  cut showed on ly  small  
d i f f e r e n c e s  between the zero  and HO pgS/g s o i l  ( lOOkgS/ha) 
su lphur t r ea tm e n ts .  A l l  the  s o i l s  except  Boyndie  and 
B i e l  gave some y i e l d  response to  added sulphur a t  cut 2, 
the most marked be ing  Macmerry (29% y i e l d  i n c r e a s e ) ,
Eck fo rd  (20%), Hobkirk  (1 7%) , D a rve l  ( lU%) and Humbie ( l 3 “o) 
The p e rcen tage  y i e l d  in c rease  a t  the f i r s t  cut i s  
s i g n i f i c a n t l y  c o r r e l a t e d  w i th  the o r i g i n a l  e x t r a c t a b l e  s o i l  
su lphate  l e v e l s  ( r  = - 0 . 5 5 * ) .  This shows that  e x t r a c t a b l e
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TABLE ¿4-0 B Po t  Experiment I I . Dry-mat t e r  y i e l d s 3* ( g / p o t )
S o i l  s e r i e s Added sulphur _,TTm , (mg S/kg s o i l )  CLx 1 GUT 2 CUT 3
m p m a TlU i  H.J-J
Eck ford 0 3 = 05 2.85 2 o1 0
000CO
E ck ford 40 3 = 30 3 = 50 2 o50 9.00
Hobkirk 0 3 0 95 3=45 2 . 3O 9 . 70
Hobkirk 4o 4.30 4 o1 5 2o45 1 0o90
B i e l 0 5 06O 5=40 3 = 25 14.25
B i e l 40 5.76 5.20 3 = 25 14 = 20
Pow 0 5 °1 0 4 = 65 3.55 13.30
Pow 40 5 » 70 5=10 3.35 1 4.1 5
Macmerry 0 3.55 2 0 90 2.45 80 90
Macmerry 40 4=45 4oi 0 2 o75 11 .30
D a rve l 0 5=1 0 4.1 0
00C\J 11 .90
D a rve l 40 5 = bO 4.75 3.10 1 3.1 5
Sourhope 0 2 065 3= 85 2o30 8.80
Sourhope 40 2 0 50 4 = 30 2.50 9.30
Boyndie 0 5 = 73 4 085 3 = 25 13 = 85
Boyndie 40 5=60
0CM•LP\ 3=50 14.30
Humbie 0 4 = 30 3 = 00 2 0 25 9 = 55
Humb i  e 40 4 = 20 3 = 90 2.55 1 0 .65
Standard e r r 'or ± 0 0 28 -  0o4o - 0.1 5
E f f e c t  o f  3 
(P  < 0 .05 )
s i g n i f  i can t on Macmerry a t both cut 1 and cut 2
mean o f  two r e p l i c a t e  pots
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s o i l  su lphate  i s  a good in d i c a t o r  o f  the su lphur ,  
imm ed ia te ly  a v a i l a b l e  to  p l a n t s .  However the s o i l  
su lphate  va lu es  a lso  c o r r e l a t e  w i th  pe rcen tage  y i e l d  
in c r e a s e s  a t  cut 2 ( r  = - 0 . 7 3£K) even though a l l  the 
o r i g i n a l  s o i l  su lphate  would be removed by the herbage 
harves ted  a t  the f i r s t  cut ( f o r  the re sp o n s iv e  s o i l s  o n l y ) .  
Th is  suggested  tha t  e x t r a c t a b l e  s o i l  su lphate  l e v e l s  cou ld  
a l s o  be used to p r e d i c t  amounts o f  l a b i l e  sulphur p resen t  
in  the s o i l .  I t  was not s u r p r i s in g  to  f i n d  th a t  the 
Boyndie and B i e l  s o i l s  showed no y i e l d  response  to added 
sulphur as they conta ined  25.3 and 17.2 jigS/g s o i l  o f  
e x t r a c t a b l e  s o i l  su lphate  r e s p e c t i v e l y .  The d i f f e r e n c e  
in  dry m a t te r  p roduc t ion  between s o i l s  w i l l  be due to  a 
combinat ion  o f  f a c t o r s  such as pH, n u t r i e n t  s ta tu s  and 
s o i l  p h y s i c a l  c o n d i t i o n s .
¿+.3.2.2 Chemical com pos i t ion  o f  the herbage
The t o t a l  sulphur l e v e l s  o f  the herbage in t h i s  
exper iment a re  unusual ly  h igh (T a b le  ¿+1 ) .  V a lues  a re  
much h igher  than those  found in the f i e l d o  Indeed the 
t o t a l  sulphur conten ts  o f  the herbage, e s p e c i a l l y  a t  the 
f i r s t  two cu ts ,  would suggest  that no y i e l d  response to 
added sulphur was l i k e l y .  However the p r ev iou s  pot  
exper iment  showed that  t o t a l  sulphur va lues  were not an 
a ccu ra te  p r e d i c t o r  o f  sulphur s u f f  i c  i en cy/ d e f  i c  i en cy  0 
A ga in  t o t a l  S va lu es  did c o r r e l a t e  w i th  y i e l d  responses  
in  t h i s  exper iment but no basa l  va lu e  o f  t o t a l  sulphur 
seems u n i v e r s a l l y  a b le  to p r e d i c t  sulphur d e f i c i e n c y 0 
Aga in  the e x t r a c t a b l e  p la n t  su lphate proved the most
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s e n s i t i v e  measure o f  a p la n ts  sulphur s ta tu s  -  l e v e l s  o f  
600-700 pgS/g herbage responded to added su lphur.  The 
e x t r a c t a b l e  p lan t  su lphate  expressed as a p e rcen tage  o f  
the t o t a l  sulphur was ano ther  parameter which proved 
u s e fu l  f o r  a s s e s s in g  the sulphur s ta tus  o f  the p lan t  
(T a b le  4 3 ) *  As w i th  the f i e l d  t r i a l s  and p rev iou s  pot 
exper iment a y i e l d  response to added sulphur could  be 
expected  when the percen tage  o f  the t o t a l  su lphate 
o c cu r r in g  as sulphate f e l l  t o  below 25-30  percen to  A ga in  
t h i s  v a lu e  a c c u r a t e l y  in d i c a t e d  response  independen t ly  o f  
p l a n t  a g e .  The a d d i t i o n  o f  60mg S/pot ( e q u i v a l e n t  to 
1 00kg3/ha) increased  the  percen tage  o f  the t o t a l  p la n t  
sulphur o c c u r r in g  as su lphate  to between 43 and 64 p e r c en t  
f o r  the  f i r s t  cut and mainta ined these  l e v e l s  f o r  the 
remain ing cuts ( e x c e p t  f o r  the  Sourhope s o i l ) 0 Comparison 
o f  the  p e rcen tage  y i e l d  in c rea se s  w i th  the pe rcen tage  o f  
the t o t a l  p la n t  sulphur o c cu r r in g  as su lpha te  ( P i g »  6) 
c l e a r l y  demonstrated the u se fu ln ess  o f  t h i s  pa ram eter0 
For  example the data p r e d i c t e d  y i e l d  responses  f o r  the 
E ck fo rd ,  Hobkirk and Macmerry s o i l s  a t  the f i r s t  two cuts  
but not  a t  cut t h r e e .  I t  a l s o  suggested tha t  y i e l d  
responses a t  any cut were u n l i k e l y  w i th  the Boyndie and 
B i e l  s o i l s .  A l l  these  p r e d i c t i o n s  were borne out by 
the y i e l d  da ta .
4 . 3 . 2 . 3  Sulphur m in e r a l i s a t i o n  o ve r  the growing p e r i o d  
( T ab le  4 4 ) .
The amount o f  sulphur d e r i v e d  from the o rg a n ic  s o i l  

































F i g u r e  6. The p r e d i c t i o n  o f  y i e l d  response to added 
sulphur us ing  p la n t  e x t r a c t a d l e  su lpha te  
expressed  as a pe rcen tage  o f  the t o t a l  
p la n t  sulphur ( P o t  Experiment I I ,  cut 2 ) .
P l a n t  e x t r a c t a d l e  su lphate as a p e rcen tage  o f  t o t a l  
su lphur.  (no added S) .
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p r e v i o u s l y ,  by measuring s o i l  su lphate  l e v e l s  b e f o r e  and 
a f t e r  g row th ,  tak ing  in to  account the sulphur trea tm ents  
and measuring the amounts o f  sulphur removed in  the 
h erbage .  A ga in  small  a tmospher ic  sulphur inputs have 
been om it ted  as were the amounts o f  sulphur locked  up in  
r o o t  t i s s u e .
The da ta ,  as p resen ted  in  Table  d id  not g i v e
e s t im a tes  o f  g ro s s  sulphur m in e r a l i s a t i o n  but q u a n t i t i e s  
o f  su lphate  d e r i v e d  from the  s o i l  o rgan ic  p oo l  ( t h a t  i s ,  
net  m i n e r a l i s a t i o n ) .  Net m in e r a l i s a t i o n  occurred  in  a l l  
s o i l s v'where no sulphur a d d i t i o n s  ( 2i 07 —  39.0  mgS/pot)
had been made and in  a l l  s o i l s  where sulphur had been added 
(¿4.06 —  lU .U  mg. S/pot )  excep t  f o r  the Sck fo rd  and Hobkirk 
s o i l s .  The a d d i t i o n  o f  60 mg S/pot (lOOkgS/ha) g r e a t l y  
reduced the ne t  m in e r a l i s a t i o n  o f  sulphur. Th is  l a r g e  
a d d i t i o n  o f  sulphur ensured s u f f i c i e n c y  f o r  both p la n ts  and 
the m ic ro -organ ism s  r e s p o n s ib l e  f o r  im m o b i l i s a t io n .
However when s o i l  su lphate  l e v e l s  were low, as in  the case 
o f  the c o n t r o l  p o t s ;  the re  was more c o m p e t i t i o n  between 
the p la n t  r o o t s  and the s o i l s  m i c r o f l o r a  f o r  the a v a i l a b l e  
su lphur.  Th is  c o m p e t i t i o n  had the e f f e c t  o f  d ec reas in g  
su lphate  im m o b i l i s a t io n  and t h e r e f o r e  a lso  in c reased  va lu es  
o f  net m in e r a l i s a t i o n  (where no sulphur was a p p l i e d ) .  I t  
i s  u n l i k e l y  th a t  t h i s  r e d u c t i o n  in m in e r a l i s e d  sulphur is  
due to the  sulphur a d d i t i o n  d i r e c t l y  a f f e c t i n g  the s o i l  
m ic ro -organ ism s r e s p o n s ib le  f o r  sulphur m i n e r a l i s a t i o n  
( i n c u b a t i o n  s tu d ie s  in  s e c t i o n s  I4.U.U and ¿J..I+.6  show that  
added su lpha te  does not a f f e c t  net m in e r a l i s a t i o n  o f  
su lphur ) .
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TAELS 1+1. Po t  Experiment I I . T o t a l  p ia .nt sulphuy
(gS/ l00g  D.M.)
S o i l  s e r i Added sulphur (mg 'S/kg s o i l ) CUT 1 CUT 2 CUT 3
Eck fora 0 0.381 O0I+65 0.1 99
Eck ford 1+0 0.693kkx 0.709KX 0.381+***
Hobkirk 0 0 o32l+ O.I+O6 0 . 21 0
Hobkirk U0 0 .1+06* 0 . 585s 0.309*
B i e l 0 0.399 0.529
CMf7\.O
B i e l 1+0 0 . 1+21 0 o71+3KK 0.1+05*
Pow 0 0.396 0 .1+26 0 o228
Pow 1+0 0 ol+2l+ 0.81+0*** 0 .5 4 2 * * *
Macmerry 0 0.307s O.I+26 O.225
Kacmerry 1+0 0 = 387 O .658* * 0 .3 8 2 * *
D arve l 0 0.394 0.1+77 0.296
Darve l 1+0 O061 65>:3i 0 .7 06 ** 0 .3 9 3 * * *
Sourhope 0 0o39l+ O.603 0 0 21+3
Sourhope 1+0 O.526* * * 0 066O 0 0 2 7I+
Boyndie 0 0.1+76 0o5o0 O.23I+
Boyndie 1+0 0 o51 1 0.698 0.1+62***
Humbie 0 0o353 O.I+52 0.21+7
Hurrfcie i+ o O o 5 3 0 £ K £ 0 .8 2 8 * * * 0 .352*
Standard e r r o r
+
inv(V00O 
+ 1 O.O52 -  0.030
S i g n i f i c a n c e  l e v e l s : -  *  -  r <  0.05
K*  = ? <  O.Oi 
* * *  = ? <  O0OO1
'mean o f  tv,'o r e p l i c a t e  p o t s .
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TABLE U2. P o t  E x p e r i m e n t  I I 0 E x t r a c t a b l e p l a n t  s u l p h a t e ^
(K S /l OOg D. M. )
S o i l  s e r i Added s u l p h u r  (mg S / k g  s o i l ) CUT 1 CUT 2 CUT 3
E c k f o r d 0 0.059 0,075 0,061+
E c k f o r d ho 0 , 363* * * 0,391;*** 0 . 252s * *
H o b k i r k 0 0o070 0.073 0.082
Hobk i r k UO 0 , i 8 7 * * * 0 ,2 7 8 * * * 0,1 82ss
B i e l 0 0 .156 0.213 0,1 60
B i e l UO 0,1 05 0,1; 91*** 0,291 * * *
Pow 0 0ol50 0,1 67 0.113
Pow 0,1 88 0 ,5 2 5 * * * 0 ,3 9 1 * * *
Ma c me r r y 0 0.0U8 0,070 0,080
Ma c me r r y UO
n . ^c x x x  0.1 c5 0 ,3 3 5 * * * 0 ,236*SS
D a r v e l 0 Od 55 0.1 72 0,152
D a r v e l ho Oo392* » 0 ,1±05*** 0 ,2 8 9 * * *
S o u r h o p e 0 0.1 60 0,1 31 0.028
S o u r h o p e ho 0 ,2 5 9 * * * 0.208 0,072
B o y n d i e 0 0o2l 1 O.225 0.1 01
B o y n d i e ho 0,276s 0,276 0.31 2 * * *
Humb i  e 0 0,088 0,116 0,085
Humbie ho 0,2i|8*** o,4SU *** 0 ,2 5 9 * * *
S t a n d a r d e r r o r i  0.017 - 0,033  :- 0,021
S ign i f ic an ce  le v e ls £ = p 0.05
XX = p 0.01
XXX = p 0 0 OO1
/mean o f  two r e p l i c a t e  pots.
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TABLE b 3 • Fo t  Experiment I I 0 E x t r a c t a b l e  p la n t  s u lp h a t e ,
expressed  as the  p e rcen tage  o f  the t o t a l  sulphur
S o i l  s e r i e s Added sulphur (mg S/kg s o i l ) CUT 1 CUT 2 CUT 3
E ck fo rd 0 15 1 6 32
Eck ford bo 53 56 66
Kobk irk 0 22 18 38
Hook i r k bo bS b6 59
B i e l 0 39 bO 52
B i e l ¿+0 *4+ 66 72
Pow 0 38 LO b9
Pow b o b5 63 72
Macmerry 0 1 6 17 36
Macmerry Uo b3 51 62
D arve l 0 bO 27 51
D arve l bo 6b 57 75
Sourhope 0 b2 22 11
Sourhope Uo b9 32 26
Boyndie 0 bb U1 b3
Eoyndie bo 3b 60 68
Hurribie 0 25 26 35
Humbie 40 b l 60 75
1 52
In  a l l  cases  s o i l  su lpha te  l e v e l s  d ec reased  dur ing  
the grow ing  season and net m in e r a l i s a t i o n  o f  sulphur was 
i n s u f f i c i e n t  to m a in ta in  the o r i g i n a l  su lphate  l e v e l s .
Th is  d e c rea se  was expected s in c e  net m in e r a l i s a t i o n  
p ro v id e d  i n s u f f i c i e n t  sulphur f o r  maximum p la n t  y i e l d s  in  
most o f  th e  s o i l s .  The B i e l ,  Boyndie and Sourhope s o i l s  
m in e r a l i s e d  most sulphur in the  c o n t r o l  po ts  (a l though  
d i f f e r e n c e s  between the s o i l  s e r i e s  were not marked) and 
these  th r e e  s o i l s  e x h ib i t e d  the l e a s t  y i e l d  response to 
added su lphur .  In  the case o f  added sulphur, aga in  the 
amounts o f  su lphur m in e r a l i s e d  d i f f e r e d  o n ly  s l i g h t l y  
between s o i l  s e r i e s  except  th a t  the S ck fo rd  and Hobkirk 
s o i l s  both showed no net m in e r a l i s a t i o n .  Th is  was 
p o s s i b l y  because these  two s o i l s  possessed w ide r  C:S 
r a t i o s  than the  o ther  s o i l  s e r i e s  (T ab le  4 5 ) .
4 . 3 . 2 . 4  The r e l a t i o n s h ip  between sulphur m in e r a l i s a t i o n  
and some chemica l  p r o p e r t i e s  o f  the s o i l s
The amount o f  sulphur m in e ra l i s e d  in  each s o i l  was 
expressed  both as mg S/pot  and as a pe rcen tage  o f  the t o t a l  
s o i l  su lphur.  These va lues  are  shown t o g e th e r  w i th  
s e v e r a l  s o i l  chemical parameters  in Table  45« The 
p e r c e n ta g e s  o f  the t o t a l  s o i l  sulphur m in e ra l i s ed  are  
g r e a t e r  in  t h i s  exper iment than the f i e l d  t r i a l s .  However 
more sulphur was removed by the  herbage during t h i s  
exper im ent .  C a l c u l a t i o n  o f  c o r r e l a t i o n  c o e f f i c i e n t s  
showed that  t e n t a t i v e  r e l a t i o n s h ip s  can be made; but u s in g  
a sm al l  sample s i z e  o f  nine s o i l s ,  one data p o in t  can 
g r e a t l y  in f lu e n c e  the va lue  o f  the c o e f f i c i e n t .
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l e v e l s ,  p la n t  uptake o f  sulphur and the sulphur
TABLn 4 4 . Pot Experiment I I .  Changes in s o i l  sulphate
d e r iv e d  from the s o i l  o rgan ic  p o o l  (mg .3/pot)
S o i l  s e r i e s  
and sulphur 
a d d i t i o n 5
O r i g in a l
s o i l
su lphate
P in a l
s o i l
su lphate
O r i g i n a l
minus
f i n a l
s o i l
su lphate





d e r i v ed  
from 
so i l  
o rgan ic  
p oo l '
Eck ford 8o3 1 oS 6 o 5 29 = 1 22 06
Eck ford  + S 68 o3 9o0 59o3 9 6  o1 -  3 .2
Hobkirk 9 ° 6 2.9 6 0 7 31 .6 24 0 9
Kobk irk  + S 6 9 o 6 1 9o7 49 .9 b9.6 -  0 o3
B i e l 25 08 3 = 8 22 .0 61 0 0 39.0
B i e l  +- S 85 o 8 1 8 06 6 7 o 2 73 06 6o4
Pow 29=4 q hCL Q H 27 .0 U80 7 21 o 7
Pov/ -t- S 89 = 4 1  2  d 77.3 84.9 1 . 6
Macmerry 9 = 9 3=4 6 0 5 2808 22.3
Macmerry + S 69 = 9 1 9 o8 50.1 54 0 7 4 = 6
D a rve l 1 5 .9 2 = 9 1 3 = 0 39 = 3 26o3
D arve l  + S 75.9 1 1 .8 64 = 1 78.5 1 4o4
Sourhope 3 2 d 28 d 4=0 38.3 34 0 3
Sourhope + S 92 = 1 54 = 1 38 oO 48 08 1 O08
Boynd ie 38 o0 2 . 6 35.4 62 .0 2606
Boyndie + S 98o0 24 = 1 13.9 81 o1 7.2
Humbie 12.6 3 = 0 9 . 6 34 0 3 24 0 7
Humbie +- S 72 o 6 15 = 6 5 7 .c 63.8 6.8
£ + S = 60 mgmS/pot
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The p e r c en ta g e  o f  the t o t a l  s o i l  sulphur m in e r a l i s e d  
by the c o n t r o l  p o ts  c o r r e l a t e d  w i th  the pe rcen tage  o f  the 
t o t a l  s o i l  sulphur m in e r a l i s e d  by the  po ts  r e c e i v i n g  
60mg -S/pot (100 kgS/ha) ( r  = 0 . 667s ) .  This in d i c a t e d  
th a t  a l though  the added sulphur i n d i r e c t l y  decreased  net 
m i n e r a l i s a t i o n  o f  sulphur the r e l a t i v e  c a p a c i t y  o f  each 
s o i l  to  m in e r a l i s e  sulphur remained u n a f f e c t e d .  I t  was 
thought l i k e l y  that  a measure o f  the sulphur m in e r a l i s e d  
o v e r  the grow ing  p e r io d  would c o r r e l a t e  w i th  a va lu e  o f  
net  m i n e r a l i s a t i o n  obta ined by an in cu ba t ion  method.
However no c o r r e l a t i o n  was ob ta ined  ana the shor t  term 
in cu b a t ion  techn ique  might not  p r o v id e  a good es t im a te  o f  
the s o i l  sulphur made a v a i l a b l e  to  p la n ts  o ve r  a season. 
However the amount o f  su lphate  produced by net 
m i n e r a l i s a t i o n  du r in g  the in cu b a t ion  corre lated w i th  H I-  
r e d u c ib l e  sulphur ( r  = 0 ^6 7 ^ )  and t o t a l  sulphur (0 .  I b f ) .
The o n ly  o th e r  s i g n i f i c a n t  c o r r e l a t i o n  was found between 
H l - r e d u c ib l e  sulphur and t o t a l  sulphur. This e x c e l l e n t  
c o r r e l a t i o n  between t o t a l  s o i l  sulphur and m in e r a l i s e d  
su lphate  i s  e v id e n t  in  work r e p o r te d  in  s e c t i o n  b »b *7 *
b *b L ab o ra to ry  In cu b a t ion  Exper iments
The p re v io u s  s e c t i o n s  ( f i e l d  t r i a l s  and po t  exper im en ts )  
c l e a r l y  showed tha t  in th re e  separa te  areas o f  Sco t land  s o i l  
sulphur c o n t r ib u t i o n s  were e s s e n t i a l  to  ensure sulphur 
s u f f i c i e n c y  in  g ra s s ,  (where no a d d i t i o n a l  su lphur was 
a p p l i e d ) .  In  S c o t t i s h  s o i l s  n ea r ly  a l l  the  sulphur occurs 
as u n a v a i la b le  o rgan ic  compounds which r e q u i r e  m ic r o b ia l  
m i n e r a l i s a t i o n  to con v e r t  the  sulphur in to  p la n t  a v a i l a b l e
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f o rm s .  T h e r e f o r e  the ra te  o f  sulphur m i n e r a l i s a t i o n  
de term ines  whether or not g rass  crops rerrain sulphur 
s u f f i c i e n t  in  th i s  a r e a .  Consequent ly  sulphur 
m i n e r a l i s a t i o n  and the f a c t o r s  which a f f e c t  i t  ¿-orr^s a,n. 
important r e s e a rc h  s u b je c t .  Th is  s e c t i o n ,  using 
in cu b a t io n  te ch n iq u es ,  seeks to  e va lu a te  the e f f e c t  o f  
t im e ,  g lu cose -c a rb on ,  temperature ,  su lphate  and n i t r a t e  
on sulphur m in e r a l i s a t i o n  and a t tem pts  to c o r r e l a t e  
s im p le  s o i l  chemica l  parameters w i th  sulphur 
m i n e r a l i s a t i o n  . The in cu ba t ion  approach does not 
improve our understanding o f  the  r e a c t i o n s  or compounds 
in v o l v e d  in  the  m in e r a l i s a t i o n  o f  sulphur and o v e r lo o k s  
the ba lance  and com p lex i ty  o f  m in e r a l i s a t i o n / im m o b i l i s a t i o n  
p r o c e s s e s .  However the  technique i s  w e l l  s u i t e d  f o r  
examining the  e f f e c t  o f  v a r io u s  f a c t o r s  by measuring 
changes in  e x t r a c t a b l e  sulphate -  the key to  crop sulphur 
s u f f i c i e n c y .
A l l  in cu b a t ion  exper iments  were se t  up as desc r ib ed  
in  s e c t i o n  35« E x t r a c t a b l e  s o i l  su lphate was measured 
b e f o r e  and a f t e r  a p e r iod  o f  in cuba t ion  and t h e r e f o r e
r e s u l t s  a re  expressed as ne t  m in e ra l i s ed  su lphate
2“
(pgSO^-3/g s o i l ) ,  except  where in d i c a t e d .
4 .4 .1  The e f f e c t  o f  t ime on net sulphur m in e r a l i s a t i o n
The L inhope s e r i e s  s o i l  and a ca lcareous  p e l o s o l  were 
incubated at  30 °G f o r  the f o l l o w i n g  len g th s  o f  t im e ;  0 , 1 , 
2, 3, 7, 14, 28, 42, 56 and 84 days.  F ig u res  7 and 8 
show net m in e r a l i s e d  su lphate  p l o t t e d  a g a in s t  t im e ,  Both 
s o i l s  e x h ib i t e d  a v e ry  h igh  i n i t i a l  r a t e  o f  net
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m i n e r a l i s a t i o n .  Other workers have a lso  r e c o g n is e d  th i s  
f l u s h  o f  m in e r a l i s e d  su lphate (W i l l i a m s ,  1 967; Kowalenko 
and Lowe, 1 975ab)which i s  p rob ab ly  due to the B i r c h  e f f e c t o  
The s o i l  d r y in g  process  g i v e s  r i s e  to a source o f  r e a d i l y  
u t i l i s e d  su b s t ra te  (dead m ic ro -o rgan ism  t i s s u e )  which 
enab les  a h igh  r a t e  o f  m ic ro -o rgan ism  a c t i v i t y  upon r e ­
w e t t in g  o f  the s o i l .  A lso  the m i c r o b i a l  p o p u la t io n s  
w i l l  be ad juster^ ,  to the c o n d i t i o n s  imposed by the 
in cu b a t io n  p roce d u re .  A f t e r  app rox im a te ly  1 0 days these  
h igh  r a t e s  began to  f a l l  o f f  as the supply o f  e a s i l y  
m e ta b o l i s ed  su b s t ra t e  was exhausted . Both s o i l s  appeared 
to reach  an e q u i l i b r iu m  a t  about 35 days when 
m in e r a l i s a t i o n  r a t e s  and im m o b i l i s a t io n  r a t e s  balanced, 
r e s u l t i n g  in  l e v e l s  o f  su lphate which changed l i t t l e  w i th
t im e .  T h is  eq u i l ib r iu m  v a lu e  f o r  the Linhope s o i l  was
2 2 ”* 
about 52yigS0^-S/g s o i l  and 37jigSO^-S/g s o i l  f o r  the
ca lca reou s  p e l o s o l .  E q u i l ib r iu m  would be expec ted  s in ce
the f l a s k  i s  e s s e n t i a l l y  a c lo s ed  system ( e x c e p t  f o r  smal l
l o s s e s  as r e s p i r e d  CO2) but in the f i e l d ,  p la n t  uptake o f
su lp h a te ,  l e a c h in g  l o s s e s  and the re tu rn  o f  dead p lan t
m a t e r i a l  to the s o i l  combine to form a more dynamic and
complex system. I t  i s  i n t e r e s t i n g  to note tha t  more
s u l p h a t e  was  m i n e r a l i s e d  by t h e  L i n h o p e  s o i l  e v e n  t h o u g h
the C:3 r a t i o  was h igher  than that  o f  the ca lca reou s
p e l o s o l .  B o t h  s o i l s  c o n t a i n e d  s i m i l a r  a mo u n t s  o f  t o t a l
s u l p h u r .  H o w e v e r  t h e  L i n h o p e  s o i l  c o n t a i n e d  much r o o t
and f r e s h  p la n t  m a t e r i a l  which could account f o r  the
g r e a t e r  q u a n t i t i e s  o f  su lphate  m in e r a l i s e d .
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U. U ° 2 The e f f e c t  o f  added g lucose-carbon on the ra te  o f
n e t  s u l n h u r  m i n e r a l i s a t i o n
P o u r  s o i l s  ( Wh i t s o m e ,  H o b k i r k ,  L i n h o p e  and H e x p a t h )  
w e r e  i n c u b a t e d  a t  30°C f o r  0,  1 0 ,  20,  30 and 50 d a y s .
The same s o i l s  were  a l s o  i n c u b a t e d  f o r  s i m i l a r  l e n g t h s  o f  
t i m e  w i t h  a d d e d  g l u c o s e - c a r b o n  ( a p p l i e d  a s  g l u c o s e  i n  
s o l u t i o n  a t  a r a t e  o f  i g  g l u c o s e / 2 0 g  s o i l ) .  F i g u r e s  9,  
1 0 ,  11 a n d  1 2  compare  n e t  s u l p h u r  m i n e r a l i s a t i o n  r a t e s  
w i t h  and w i t h o u t  adde d g l u c o s e - c a r b o n  f o r  t h e  f o u r  s o i l s .
Adde d g l u c o s e - c a r b o n  ( P i g .  9) g r e a t l y  m o d i f i e d  r a t e s  
o f  n e t  s u l p h u r  m i n e r a l i s a t i o n  i n  t h e  Whi tsome s o i l s .  As  
i n  t h e  p r e v i o u s  e x p e r i m e n t  a h i g h  i n i t i a l  r a t e  o f  s u l p h a t e  
m i n e r a l i s e d  was o b s e r v e d  and t h e  add e d  g l u c o s e - c a r b o n  d i d  
n o t  a p p e a r  t o  a f f e c t  t h e  f l u s h  o f  s u l p h a t e .  A f t e r  1 0  
d a y s  i n c u b a t i o n  t h e  c o n t r o l  showed a d e c r e a s e  i n  r a t e  o f  
n e t  s u l p h u r  m i n e r a l i s a t i o n  and a s t e a d y  s t a t e  was 
e s t a b l i s h e d  w h i c h  was m a i n t a i n e d  f o r  t h e  d u r a t i o n  o f  t h e  
e x p e r i m e n t  ( t h e  s l i g h t  d r o p  i n  t h e  r a t e  o f  n e t  
m i n e r a l i s a t i o n  b e t w e e n  30 and 50  d a y s  was p r o b a b l y  
i n s i g n i f i c a n t ) .  A f t e r  t h e  i n i t i a l  s u l p h a t e  f l u s h ,  w h e r e  
g l u c o s e - c a r b o n  had b e e n  add e d  , t h e r e  was a marked  d e c r e a s e  
i n  n e t  m i n e r a l i s e d  s u l p h a t e  and a f t e r  a p p r o x i m a t e l y  20 
d a y s  n e t  i m m o b i l i s a t i o n  o c c u r r e d 0
I n  o r d e r  t o  a s s i m i l a t e  t h e  add e d  g l u c o s e - c a r b o n  t h e  
m i c r o - o r g a n i s m s  r e q u i r e d  s u l p h a t e  i n  e x c e s s  o f  t h a t  
s u p p l i e d  b y  m i n e r a l i s a t i o n .  As  a r e s u l t  t h e  e x t r a c t a d l e  
s o i l  s u l p h a t e  f e l l  b e l o w  l e v e l s  r e c o r d e d  a t  t h e  b e g i n n i n g  




















































































m i c r o b i a l  t i s s u e 0 The e f f e c t  o f  t h e  g l u c o s e - c a r b o n  
r e m a i n e d  a p p a r e n t  f o r  50 d a y s .  T h e r e f o r e  t h e  c a r b o n  was 
n o t  c o m p l e t e l y  removed f r o m  t h e  s y s t e m  by r e s p i r a t i o n .
The H o b k i r k  s o i l  showed d i s t i n c t l y  s i m i l a r  t r e n d s  t o
t h e  W h i t s o m e  s o i l  ( F i g .  1 0) e x c e p t  t h a t  t h i s  s o i l
m i n e r a l i s e d  l a r g e r  q u a n t i t i e s  o f  s u l p h a t e  s u c h  t h a t  t h e
e f f e c t  o f  a d d e d  g l u c o s e - c a r b o n  d i d  not  c a u s e  n e t
i m m o b i l i s a t i o n .  The i n i t i a l  s u l p h a t e  f l u s h  was a g a i n
e v i d e n t  b u t  t h i s  t i me  t h e  a d d e d  g l u c o s e - c a r b o n  r e d u c e d
t h e  e f f e c t  s l i g h t l y .  An e q u i l i b r i u m  s u l p h a t e
2”"
c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  1 l | j i gS0^- S/g  s o i l  was  
a t t a i n e d  i n  t h e  c o n t r o l  a f t e r  20 d a y s  and r e m a i n e d  
c o n s t a n t  u n t i l  t h e  end o f  t h e  e x p e r i m e n t .  Where g l u c o s e -  
c a r b o n  was a d d e d  a s t e a d y  s t a t e  was n o t  r e a c h e d  and t h e  
amount s  o f  s u l p h a t e  m i n e r a l i s e d  we r e  m a r k e d l y  l e s s  t h a n  
f o r  t h e  c o n t r o l .  I n  t h e  H o b k i r k  s o i l  t h e  g l u c o s e -  
c a r b o n  a d d i t i o n  d i d  n o t  w i d e n  t h e  C : S  r a t i o  o f  t h e  e a s i l y  
u t i l i s e d  s u b s t r a t e  s u f f i c i e n t l y  t o  c a u s e  n e t  
i m m o b i l i s a t i o n .
The H e x p a t h  and L i n h o p e  s o i l s  ( F i g s .  11 and 1 2 )
s howed v e r y  s i m i l a r  t r e n d s  o f  s u l p h u r  m i n e r a l i s a t i o n  w i t h
t i m e .  The e f f e c t  o f  add e d  g l u c o s e - c a r b o n  was a l s o  v e r y
s i m i l a r  f o r  b o t h  s o i l s .  A g a i n  t h e  L i n h o p e  s o i l
m i n e r a l i s e d  l a r g e  q u a n t i t i e s  o f  s u l p h a t e  i n i t i a l l y
(UOyLgSO^-S/g s o i l )  b u t  a f t e r  20 d a y s  t h e  b a l a n c e  b e t w e e n
m i n e r a l i s a t i o n  and i m m o b i l i s a t i o n  c h a n g e d ,  g i v i n g  a n
2”
e q u i l i b r i u m  c o n c e n t r a t i o n  o f  25p. gS0^-S/g s o i l .  S i m i l a r l y  
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o f  about 7u.gS0^-S/g s o i l  a f t e r  an i n i t i a l  f l u s h  o f  
su lphateo  For  both s o i l s  the added g lu c o s e -c a rb o n  
produced a s im i l a r  p a t t e r n  o f  sulphur m in e r a l i s a t i o n  
w i th  t ime as was seen f o r  the c o n t r o l  excep t  tha t  su lphate  
v a lu es  were lo w e r .  The th eo ry  tha t  the m ic ro -organ isms 
r e qu ir ed  more sulphate in  o rd e r  to  a s s i m i l a t e  the added 
g lu c o s e -c a rb o n  exp la in s  the above d i f f e r e n c e s  between 
the c o n t r o l  and added g lu co se -c a rb o n  t r ea tm e n ts .
A lthough the f o u r  s o i l s  possessed  a wide range o f  
chemica l  p r o p e r t i e s  a d ep ress ion  o f  su lphate  l e v e l s  
m in e r a l i s e d  was always observed when g lu c o s e - c a rb o n  was 
added. However on ly  in  the Whitsom s o i l  d id  l e v e l s  f a l l  
s u f f i c i e n t l y  to cause net  im m o b i l i s a t i o n .  A l s o  a l l  
s o i l s  e x h ib i t e d  an i n i t i a l  f l u s h  o f  m in e r a l i s e d  su lphate  
i r r e s p e c t i v e  o f  g lu cose -c a rb on  a d d i t i o n .  Some s o i l s  
a t t a in e d  an e q u i l ib r iu m  c o n c e n t r a t i o n  o f  m in e r a l i s e d  
su lphate  w i t h in  the 50 day in cu b a t io n  p e r io d .  Th is  
p robab ly  r e p re s en ted  the m i c r o f l o r a l  adjustment to the 
c o n d i t i o n s  imposed by the in cu ba t ion .
U .4 .3  The e f f e c t  o f  temperature on net sulphur 
m in e r a l i s a t i o n .
F i v e  s o i l s  (Whitsome, Hobkirk, Hexpath, L inhope and 
a ca lca re ou s  p e l o s o l )  were incubated f o r  20 days a t  
tem pera tures  o f  5* 10, 20 and 30°C. F igu res  1 3 and 1 U 
show net  m in e r a l i s e d  su lphate p l o t t e d  a g a in s t  tem pera tu re .
I t  can be seen that  a l l  s o i l s  m in e ra l i s e d  more 
sulphur when the temperature was in creased  from 5 0 to 
30°C. The range o f  temperatures  employed was not wide
2
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F ig u re  13. The e f i e c t  o f  temperature  on net  su lohur 
m in e r a l i s a t i o n  in  the Hexham and V/hitsome 


































F i g u re  The e f f e c t  of temperature on net  sulphur
m in e r a l i s a t i o n  in the Hobkirk and Linhope 
s o i l  s e r i e s  (20 day in c u b a t io n ) .
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enough to a s c e r t a in  the  optimum temperature  f o r  sulphur 
m i n e r a l i s a t i o n  hut i t  was p robab ly  around 30°C. A l l  
s o i l s  showed some net  m in e r a l i s a t i o n  o f  su lphate  a t  3°Go 
However i t  i s  p o s s i b l e  th a t  not  a l l  the sulphate found 
r e s u l t e d  from  m in e r a l i s a t i o n  p r o c e s s e s .  During the 20 
day in cu b a t ion ,  chem ica l  p rocesses  cou ld  have t e en  
o p e r a t i v e  ( e . g .  h y d r o l y s i s )  in  p roduc ing  su lphate  from 
o rg a n ic  sulphur. The f a c t  tha t  a l l  s o i l s  showed net 
m i n e r a l i s a t i o n  a t  5°C is  o f  p r a c t i c a l  s i g n i f i c a n c e  s in c e  
the  s o i l s  o f  E as te rn  Scot land would be a t  o r  be low  t h i s  
tempera ture  f o r  much o f  the w in te r  and e a r l y  s p r in g .  In  
th e  Hobkirk ,  L inhope and Hexpath s o i l s  l e s s  su lphate  
appeared to be m in e r a l i s e d  a t  10°G than at 5°C. I t  i s  
d i f f i c u l t  to  p rove  the s i g n i f i c a n c e  o f  t h i s  o b s e r v a t i o n  
but exper im en ta l  e r r o r  i s  the most l i k e l y  e x p la n a t i o n .
However in c r e a s in g  the temperature from 1 0°C to  20°C 
g r e a t l y  in creased  amounts o f  su lphate  m in e ra l i s ed  in  the 
Hobk irk ,  Linhope and ca lca reous  p e l o s o l .  The Hexpath 
s o i l  shows on ly  s l i g h t  in c reases  in m in e ra l i s ed  su lphate  
w h i l s t  the  Whitsome s o i l  shows no in c rea se  when the 
tem pera ture  i s  r a i s e d  from 1 0°C to  20°C. The tem pera ture  
r i s e  f rom  20°G to  30°C caused the most marked in c rea se  in 
m in e r a l i s e d  su lpha te  (W i l l ia m s  ( 1967 ) a lso  found t h i s  
r e l a t i o n s h i p )  f o r  a l l  s o i l s  except  the Hexpath where on ly  
a sm al l  in c rea se  in  m in e ra l i s e d  su lphate  was obse rved .
I t  i s  w e l l  e s t a b l i s h e d  th a t ,  up to an optimum v a lu e ,  
in c r e a s e s  in temperature  produce in c reases  in  b i o l o g i c a l  
a c t i v i t y .  Thus w i th in  the range 0-30°C the r a t e  o f
1 70
sulphur m i n e r a l i s a t i o n  would be expected  to in c r e a s e .  
However t h i s  would not n e c e s s a r i l y  l e a d  to an in c r e a s e  
in  su lpha te  p rod u c t ion  s ince  the r a t e  o f  im m o b i l i s a t io n  
would a ls o  in c r e a s e .  The temperature  increase  would 
t h e r e f o r e  seem to f a vo u r  the m i n e r a l i s a t i o n  type 
t ra n s fo rm a t io n s  e s p e c i a l l y  in  the L inhope and ca lca reou s  
p e l o s o l  s o i l s  where c o n s id e ra b le  q u a n t i t i e s  o f  f r e s h  
p la n t  m a t e r i a l  p r o v id e s  a source o f  r e a d i l y - m i n e r a l i s a b l e  
su lphur.  The c u l t i v a t e d  Whitsome and Hobkirk s o i l s  
c o n ta in  l e s s ,  e a s i l y - m in e r a l i s e d  o rga n ic  matter  (and much 
l e s s  o rg a n ic  m at te r  o v e r a l l ) . Consequent ly  the lower  
l e v e l s  o f  m ic r o b ia l  tu rnove r  w i l l  l e s s e n  the e f f e c t  o f  
tempera ture  in c r e a s e .  The Hexpath s o i l  has a h igh 
o rg a n ic  m atter  con ten t  ( 6 076/iC) but t h i s  o rgan ic  matter  
i s  p rob ab ly  r e s i s t a n t  to sulphur m in e r a l i s a t i o n  p o s s i b l y  
due to the  ex t r em e ly  wide C:S r a t i o  o f  1 j 6 . I n  t h i s  
case increased  temperature did not g r e a t l y  in c rease  
sulphur m i n e r a l i s a t i o n  over  su lphate  im m ob i l i s a t io n .
l+.Ll.Ll. The e f f e c t  o f  added su lphate  on net  sulphur 
min e r a l i s a t i o n .
The L inhope s e r i e s  s o i l  was incubated a t  30°C f o r  
14 days w i th  sulphur added as sodium su lphate  in  s o lu t i o n .  
The r a t e s  o f  sulphur a p p l i e d  were 0, -\Q), 20, 30, U-0, 50 
and 60|igS/g s o i l .
The su lpha te  a d d i t i o n s  d id  not a f f e c t  the amount o f  
su lphate  m in e r a l i s e d  during a. 11+ day in cuba t ion  a t  30°C 
(T a b le  U S ) . The Linhope s o i l  was used because o f  i t s  
h igh  l e v e l  o f  sulphur t rans fo rm at ions  but even when l a r g e
l 7 l
TABLE ¿16 . The e f f e c t  o f  added su lphate  on the net  sulphur
m i n e r a l i s a t i o n  in
Added su lphate  








the L inhope s e r i e s  s o i l .
M in e ra l i s e d  sulphur 
( j igS0g-3/g s o i l )
1 2
I 3





TABLE k 7 » The e f f e c t  o f  added n i t r a t e  on the net  sulphur 
m i n e r a l i s a t i o n  in the  L inhope s e r i e s  s o i l .
Added n i t r a t e  M in e r a l i s e d  sulphur









a d d i t i o n s  o f  su lphate  were made (60pgS/g s o i l  i s  
e q u iv a l e n t  to 1 50kgS/ha) no e v id ence  o f  net 
im m o b i l i s a t io n  was seen.
U. U .5 The e f f e c t  o f  added n i t r a t e  on net sulphur 
m in e r a l i s a t  i o n .
The Linhope s e r i e s  s o i l  was incubated a t  30°G f o r  
11+ days w i th  added n i t r a t e  a p p l i e d  as sodium n i t r a t e  in  
s o l u t i o n .  The r a t e s  o f  n i t r a t e  a p p l i e d  were 0, 20, 1+0, 
60, 80, 1 00 and l20pgN/g s o i l »
The n i t r a t e  a d d i t i o n s  d id  not a f f e c t  the  amounts o f  
su lphate  m in e r a l i s e d  (T a b le  1+7) even though the n i t r a t e  
was a p p l i e d  a t  r a t e s  th ree  times g r e a t e r  than those 
commonly employed in  the f i e l d .  In  o rd e r  to  a s s im i l a t e  
the added n i t r o g e n  one might have expected  net su lpha te  
im m o b i l i s a t i o n .  However a th i r d  e lem ent,  namely carbon, 
could be l i m i t i n g ,  such that the m i c r o f l o r a  i s  unable to  
u t i l i s e  the added n i t r o g e n .  Future exper iments  should 
seek to  examine the e f f e c t  o f  added carbon, n i t r o g e n  and 
su lphate  on the r a t e  o f  net  su lphate  m in e r a l i s a t i o n .
Th is  work would de term ine  whether the i n i t i a l  f lu s h  o f  
su lpha te  masked any trea tm ent  e f f e c t s  and a lso  he lp  to  
assess  the  r e l a t i v e  importance o f  C, N and S in 
c o n t r o l l i n g  e q u i l ib r iu m  s o i l  su lphate  c o n c e n t r a t i o n s 0
4 .1+.6 The e f f e c t s  and in t e r a c t i o n s  o f  added n i t r a t e  and 
su lphate  on net sulphur m in e r a l i s a t i o n
The Linhope s e r i e s  s o i l  was incubated a t  30°C f o r  
1 k days w i th  n i t r a t e  and su lphate  (a p p l i ed  as sodium 
n i t r a t e  and sodium sulphate in  s o lu t i o n )  a t  the l e v e l s  
shown in  Tab le  ¿+8.
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TABLE 4 8 . The e f f e c t s  and i n t e r a c t i o n  o f  added n i t r a t e
Added
and su lphate  on the amount o f  su lpha te  
m in e ra l i s ed  by Linhope s o i l  s e r i e s
n i t r a t e  Added su lp h a te  M in e r a l i s e d  su lpha te














Aga in  no e f f e c t  o f  added su lphate  o r  n i t r a t e  on 
amounts o f  su lpha te  m in e ra l i s ed  was observed (T a b l e  ¿48) .  
S i m i l a r l y  no i n t e r a c t i o n  o f  su lphate  and n i t r a t e  was 
observed  e i t h e r .  As mentioned p r e v i o u s l y  a th ree  way 
i n t e r a c t i o n  exper im ent  i n v e s t i g a t i n g  G, N and 3 e f f e c t s  
upon net  sulphur m in e r a l i s a t i o n  would a id  understanding 
o f  the m i n e r a l i s a t i o n  p ro c e s s .
¿+.¿4.7 In c u b a t io n  Experiment I . A comparison o f  the 
a b i l i t y  o f  s e v e r a l  s o i l s  to m in e r a l i s e  sulphur
The s o i l s  d e s c r ib e d  in  Tab les  - 1 , 2 , 3  and ¿4 were 
incubated  at  30°G f o r  1 ¿4 days. L e v e l s  o f  net 
m in e r a l i s e d  su lphate  were recorded  and c o r r e l a t e d  w i th  
the f o l l o w i n g  s o i l  chemica l  p r o p e r t i e s : -  t o t a l  carbon, 
t o t a l  su lphur,  C:S r a t i o ,  e x t r a c t a b l e  su lph a te ,  H I -  
r e d u c ib l e  sulphur and carbon-bonded sulphur.  The r e s u l t s  
appear in  T ab le  h9,  ranked a c co rd in g  to  the amount o f  
su lpha te  m in e r a l i s e d  by each s o i l .
The c o r r e l a t i o n  m a t r ix  (T a b le  51 ) shows that  the  
amount o f  su lphate  m in e r a l i s e d  by a s o i l  i s  ap p a re n t ly  
s i g n i f i c a n t l y  c o r r e l a t e d  w i th  a l l  the f o l l o w i n g  f r a c t i o n s  
o f  s o i l  su lphur;  t o t a l  su lphur,  carbon-bonded sulphur,  
H I - r e d u c ib l e  sulphur and e x t r a c t a b l e  su lpha te .  However 
i n t e r - c o r r e l a t i o n  between the above parameters  makes i t  
d i f f i c u l t  to ob ta in  d i r e c t  causal r e l a t i o n s h ip s  w i th  any 
one parametero The amount o f  su lphate m in e ra l i s e d  by a 
s o i l  c o r r e l a t e s  b e t t e r  w i th  H I - r e d u c ib l e  sulphur than 
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f r a c t i o n  i s  more r e a c t i v e  and a l i k e l y  p recu rso r  o f  
m in e r a l i s e d  su lp h a te -su lp hu r .  E x t r a c t a d l e  s o i l  su lpha te  
c o r r e l a t e s  w e l l  w i th  m in e r a l i s e d  su lphate  because the 
e x t r a c t a d l e  su lphate  r e p r e s e n t s  a s o i l s  a b i l i t y  to  p r o v id e  
( m i n e r a l i s e )  su lphate  in the fa ce  o f  p la n t  uptake and 
l e a c h in g  l o s s e s .  Of a l l  the  measures o f  s o i l  sulphur 
t e s t e d  t o t a l  sulphur c o r r e l a t e d  bes t  w i th  m in e r a l i s e d  
su lp h a te .  T h e r e fo r e  a l though  t o t a l  sulphur measurements 
do not s p e c i f y  the chemica l  nature o f  the s o i l  sulphur 
th ey  p r o v id e  the bes t  i n d i c a t i o n  o f  amounts o f
m in e r a l i s a b l e  sulphur p re s en t  in the s o i l .
The carbon; sulphur r a t i o  was n o t i c e a b l y  p o o r l y
c o r r e l a t e d  w i th  amounts o f  m in e ra l i s e d  s u lp h a te .  Some
workers have suggested  tha t  carbon ;  sulphur r a t i o s  are
important in  de te rm in ing  amounts o f  sulphur m in e ra l i s e d
(Xowalenko and Lowe, 1 975) w h i l s t  o ther  workers doubt
the  importance o f  th is  r a t i o  ( S w i f t ,  1977 ) .  S e v e ra l
o th e r  s i g n i f i c a n t  c o r r e l a t i o n s  appear in the  c o r r e l a t i o n
m atr ix  and most o f  these emphasise that  the sulphur o f
B r i t i s h  s o i l s  is  almost e n t i r e l y  o rgan ic  in  n a tu re .  For
example p e r c e n t  carbon showed s i g n i f i c a n t  c o r r e l a t i o n s
w i th  t o t a l  su lphur,  carbon-bonded sulphur and H I-
r edu c id le  sulphur.  S e v e r a l  o th e r  o f  the s i g n i f i c a n t
u.
c o r r e l a t i o n s  p re s en t  must be t r e a t e d  w ith  caution s in ce  
s e v e r a l  v a r i a b l e s  are  not independent o f  each o th e r ,  f o r  
example the p e rcen tage  o f  t o t a l  S o ccu rr ing  as H I -  
r e d u c ib l e  sulphur is  h igh ly  c o r r e l a t e d  w i th  the pe rcen tage  
o f  t o t a l  sulohur o ccu rr ing  as carbon-bonded su lp h u r .
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C on ve rs ion  o f  the parameters in to  p e r cen tag es  o f  the 
t o t a l  sulphur (T ab le  50) d id not improve the c o r r e l a t i o n s  
and o n ly  the percen tage  o f  the t o t a l  sulphur o c cu r r in g  as 
e x t r a c t a d l e  su lphate c o r r e l a t e d  w i th  the p e r cen tag e  o f  
the t o t a l  sulphur m in e r a l i s e d .
In  an a t tem pt  to f i n d  a more exac t  r e l a t i o n s h i p  
between m in e r a l i s e d  su lphate  and the o ther  s o i l  
p r o p e r t i e s  measured, m u l t ip l e  r e g r e s s i o n s / c o r r e l a t i o n s  
were examined. Th is  e n t a i l e d  using the computer to  
c a l c u l a t e  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t s  between 
m in e r a l i s e d  su lpha te  and va r io u s  combinat ions o f  the o ther  
s o i l  chem ica l  p r o p e r t i e s „ The v a r i a b l e s  which
c o n t r ib u te d  l e a s t  to the c o r r e l a t i o n  were a u to m a t i c a l l y  
d is c a rd ed  in  the c a l c u l a t i o n .  A combinat ion  o f  t o t a l  
sulphur and e x t r a c t a b l e  s o i l  sulphur p ro v id ed  the on ly  
m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  s i g n i f i c a n t  a t  the 
5 p e r c en t  l e v e l  o f  s i g n i f i c a n c e .  The c o r r e l a t i o n  
ob ta ined  was s l i g h t l y  b e t t e r  than f o r  t o t a l  sulphur a lo n e .  
The r e g r e s s i o n  equa t ion  was,
m in e ra l i s e d  su lphate  = 0 .0 i3  e x t r a c t a b l e  su lpha te
+ 0 .0 5 7  t o t a l  sulphur + 1 . k l o  a 
Such an equa t ion  p ro v id e s  a means o f  p r e d i c t i n g  the sulphur 
su pp ly ing  power o f  a s o i l  from knowledge o f  the t o t a l  
sulphur and e x t r a c t a b l e  s o i l  su lphate  -  two e a s i l y  
de term ined  v a lu e s .  W h i ls t  t h i s  i n d i r e c t  approach i s  not 
the most d e s i r a b l e  i t  would seem the on ly  one a v a i l a b l e  
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W h i l s t  the  p r e v io u s  s e c t i o n  ( in c u b a t i o n  exper im ents )  
expounded some o f  the f a c t o r s  a f f e c t i n g  sulphur 
m i n e r a l i s a t i o n ,  no in fo rm a t io n  on the t ra n s fo rm a t ion s  
in v o lv e d  in  the c o n v e rs ion  o f  o rgan ic  sulphur to  su lphate  
was ob ta inedo  Hence the sulphur-35 work was des igned  to 
in c r e a s e  knowledge o f  the r e l a t i v e  r a t e s  o f  
m in e r a l i s a t i o n / im m o b i l i s a t i o n  and the chemica l  forms o f  
the r e c e n t l y  in co rp o ra ted  sulphur.  An a ttempt was a lso  
made to  i d e n t i f y  a l a b i l e  o rgan ic  sulphur f r a c t i o n  ( t h a t  
which i s  e s p e c i a l l y  s u s c e p t ib l e  to  m i n e r a l i s a t i o n ) . 
I d e n t i f i c a t i o n  o f  such a f r a c t i o n  would a l l o w  s o i l  
sulphur e x t r a c t a n t s  to be assessed  f o r  t h e i r  a b i l i t y  to  
p r e d i c t  the lo n g e r  term sulphur supp ly ing  power o f  s o i l s 0
4 o5.1 Exper iment I o In c u b a t io n  o f  Whitsome s e r i e s  s o i l  
witxh sulphur-55 o
The s o i l  was incubated w i th  sulphur-35 l a b e l l e d  
su lphate  f o r  75 days ,  w i th  and w ithout  added g lu c o s e -  
carbon, as d es c r ib e d  in s e c t i o n  3»7.1 » A f t e r  in cuba t ion  
the s o i l  was imm edia te ly  a i r  d r i e d  to ' f i x '  the l a b e l l e d  
sulphur in  the va r io u s  s o i l  sulphur f r a c t i o n s .  The 
amount o f  su lphur-35 in co rp o ra ted  in to  o rgan ic  forms was 
measured by e x t r a c t i n g  the s o i l  w i th  monocalcium 
phosphate s o lu t i o n .  The degree  o f  i n c o r p o r a t i o n  can be 
c a l c u la t e d  by s u b t ra c t in g  the e x t r a c t e d  l a b e l  from the 
amount o f  l a h e l  o r i g i n a l l y  added ( p r e l im in a r y  a d s o rp t i o n ,  
exper iments  showed c o n c lu s i v e l y  tha t  Whitsome s o i l  does 
not adsorb s u l p h a t e ) .
4 o5 Sulphur-3 5  Exper iments
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However i t  is  probable that the extracting so lu t ion  
w i l l  d isso lve  some simple sulphur - 3 5  l a b e l l e d  organic  
compounds and therefore  the enhanced a c t i v i t y  o f  the 
extract  w i l l  lead to underestimated le v e ls  of  
incorporat ion .  P r a c t i c a l  d i f f i c u l t i e s  incurred when 
attempting to separate l a b e l l e d  sulphate from l a b e l l e d  
water so lub le  organic compounds are discussed below  
( s e c t io n  6 ) 0 The decay of sulphur-35 was corrected  
to the date of l a b e l l e d  sulphate add it ion .  Incubation  
f o r  7 5  days in the absence of added glucose-carbon  
re su l ted  in  incorporat ion  of  28 percent o f  the sulphur - 3 5  
o r i g i n a l l y  app l ied .  Where g lucose -carbon was added to 
the s o i l ,  incorporat ion  o f  sulphur - 3 5  into organic forms 
increased to k9 percent of  that o r i g i n a l l y  app lied .
Therefore i t  appears that the s o i l  m icro f lo ra  has 
immobilised more l a b e l l e d  sulphate in order to ass im ila te  
the added g lucose-carbon. To further  check the v a l i d i t y  
of th is  type o f  experiment the to ta l  recovery o f  app lied  
l a b e l  can be ca lculated by adding the amount of extracted  
l a b e l  to the amount o f  res idua l  l a b e l  remaining in the 
extracted s o i l  and comparing th is  with the amount o r i g i n a l l y  
added.
S im ilar  work (Preney et a l .  , 1 971 ) showed a low 
recovery of 80—89 percent o f  the applied sulphur—35«
However work here gave a recovery of  99 percent o f  the 
app lied  l a b e l  where g lucose-carbon was added and 97.5 
percent where g lucose-carbon was omitted. Taking into 
account experimental e rror  no s ig n i f ic a n t  lo s s  o_
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TABLE 5 2 . The l e v e l s  o f  sulphur-32 in  the s o i l  su lphur
f r a c t i o n s  b e fo r e  and a f t e r  in cu ba t ion  (77hitsome 
s e r i e s ) .
S o i l  sulphur 
f r a c t  ion
I n i t i a l
sulphur
l e v e l s
(pgs/g)
F in a l  
sulphur 
l e v e l s  
(+ carbon) 
(pgS/g)
F i n a l  
sulphur 
l e v e l s  
( c o n t r o l )  
(yigS/g)
E x t r a c t a b l e  su lphate 20x 21 23
H l - r e d u c ib l e  sulphur 90 11 5 93
Carbon-bonded sulphur 21 0 200 21 7
T o t a l  sulphur 300 315 310
Xt h i s  v a lu e  inc ludes  the 1 5ugS/g added as a ca r r ie r , ,
TABLE 53 o The d i s t r i b u t i o n  o f  sulphur-357̂ between the 
s o i l  sulphur f r a c t i o n s  a f t e r  in cu b a t ion  
( Whitsone s e r i e s ) .
S o i l  sulphur 
f r a c t  ion
Amount o f  
sulphur-35
(+ carbon)
Amount o f  
s ulphur-35
( c o n t r o l  )
(mc i  S-35) (mCi S-35)
E x t r a c t a b l e  su lphate 1 o 02 1 .U1
H l - r e d u c ib l e  sulphur 0 o 66 Ookô
Carbon-bonded sulphur 0 o30 0o06
T o t a l  sulphur 0.96 0o5b
^2mCi o f  sulphur-35 was o r i g i n a l l y  added„
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su lphur-35 occurred  during the in c u b a t io n  ( f o r  example,  
by v o l a t i l i s a t i o n ) o  Tab le  53 shows the amounts o f  
su lphur-35 which have been in c o rp o ra t e d  in to  the v a r io u s  
s o i l  sulphur f r a c t i o n s .  The K I - r e d u c ib l e  sulphur-35 
inc luded  on ly  o rgan ic  sulphur forms because the 
d e t e r m in a t i o n  was performed on a s o i l  sample p r e v i o u s l y  
leached  w i th  monocalcium phosphate s o lu t i o n .  Th is  
p roced u re  was adopted because the l a r g e  amount o f  
su lphur-35 rem a in ing  as su lphate would confuse d is c u s s io n  
o f  the r e d i s t r i b u t i o n  o f  sulphur-35 a f t e r  in c u b a t i o n 0 
The carbon-bonded sulphur was de term ined  as the 
d i f f e r e n c e  between t o t a l  sulphur and H I - r e d u c ib l e  
sulphur s ince  d i r e c t  methods are con s id e red  u n r e l i a b l e 0 
(F r e n e y  e t  a l . ,  1 970 ) .  The s o i l  incubated without 
g lu c o s e - c a r b o n  conta ined  89 p e r c en t  o f  the in c o rp o ra t e d  
su lphur-35 as H I - r e d u c ib l e  sulphur and 11 p e rcen t  as 
carbon-bonded su lphur.  The s o i l  incubated w i th  added 
g lu c o s e - c a r b o n  shows a d i f f e r e n t  d i s t r i b u t i o n  o f  
in c o rp o ra t e d  l a b e l  between the  two sulphur fo rm s,  w i th  
69 p e r c e n t  in the H I - r e d u c ib l e  p o o l  and 31 p e rcen t  in  the  
carbon-bonded p o o l .  W h i le  bo th  treatments  showed 
g r e a t e r  in c o r p o r a t i o n  in to  the H I - r e d u c ib l e  p o o l ,  the 
added g lu co se -c a rb o n  enhanced in c o r p o ra t i o n  in to  the 
carbon-bonded sulphur f r a c t i o n .  Such a d i f f e r e n c e  due 
to  the e f f e c t  o f  added g lu co se -c a rb o n  was not observed  
by Preney  et a l .  , ( 1 971 ) -
The in cu ba t ion  p e r i o d  markedly reduced the s p e c i f i c  
a c t i v i t y  o f  the e x t r a c t a d l e  s o i l  su lphate  (T a b le  5U) in
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both  the  c o n t r o l  and added g lu c o s e - c a rb o n  t r ea tm en ts .  
Im m o b i l i s a t i o n  cou ld  not have caused t h i s  drop in  
s p e c i f i c  a c t i v i t y  s ince  sulphur—32 and sulphur-35 would 
be in co rp o ra ted  in t o  the  m ic ro -organ ism s at a s i m i l a r  
r a t e .  T h e r e fo r e  t h i s  d i l u t i o n  o f  the e x t r a c t a b l e  
su lphur-35 i s  due to the m i n e r a l i s a t i o n  o f  indigenous 
su lphur-32 from the  o rga n ic  s o i l  sulphur p o o l .  The 
added carbon caused a g r e a t e r  r e d u c t i o n  in s p e c i f i c  
a c t i v i t y  o f  the e x t r a c t a b l e  sulphur i n d i c a t i n g  tha t  
carbon in c rea se s  the tu rnover  o f  ind igenous sulphur-32 
in  a d d i t i o n  to tu rnover  o f  su lphur-35 .  I t  i s  c l e a r  that  
both  sulphur-32 and su lph u r -35 , in co rp o ra ted  in to  s o i l  
o r g a n ic  m o lecu les ,  i s  subsequent ly  r e - m in e r a l i s e d  to  
su lpha te  but the r e l a t i v e  s u s c e p t i b i l i t i e s  o f  the 
l a b e l l e d  and u n la b e l l e d  sulphur cannot be deduced from 
t h i s  p a r t i c u l a r  exper iment .
The l e v e l s  o f  sulphur-32 in  the  v a r i o u s  s o i l  sulphur 
f r a c t i o n s  b e f o r e  and a f t e r  in cu ba t ion  a re  shown in  
T ab le  5 2 0 In cu b a t ion  in  the absence o f  added g lu c o s e -  
carbon has not s u b s t a n t i a l l y  a l t e r e d  the d i s t r i b u t i o n  o f  
sulphur-32 between the s o i l  sulphur f r a c t i o n s  except  that  
net m in e r a l i s a t i o n  o f  3jig su lph u r -32/g  s o i l  has occu rred .  
Where carbon was added r e s u l t s  suggest  tha t  some 
c o n v e r s io n  o f  carbon-bonded sulphur in to  H I - r e d u c ib l e  
sulphur has occurred  (a phenomenon n o t i c ed  by Freney  et 
a l . . 1 971  ) and o n ly  1 yg su lphu r-32/g  s o i l  was produced by 
net m i n e r a l i s a t i o n .  These va lu es  o f  net m i n e r a l i s a t i o n  
a re  v e r y  i n t e r e s t i n g  when one cons ide rs  tha t  l a r g e  amounts
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TABLE 8 b . The s p e c i f i c  a c t i v i t y  o f  the s o i l  
f r a c t i o n s  (Whitsome s e r i e s )
S o i l  sulphur f r a c t i o n
E x t r a c t a b l e  su lphate  
H l - r e d u c ib l e  sulphur 
Carbon-bonded sulphur 
T o t a l  sulphur
KThe i n i t i a l  s p e c i f i c
S p e c i f i c  a c t i v i t y  
(+ carbon 




3 .0  
6.U
a c t i v i t y  o f  the
suluhur
S p e c i f i c  a c t i v i t y  
( c o n t r o l )
(pC i/mgmS)




su lphatee x t r a c t a b l e
was 20OpC i/mgmS.
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o f  su lphur -32  and the a s s o c ia t e d  l a b e l  must have been 
im m ob i l ised  to  account f o r  the percen tages  o f  
in c o rp o ra t e d  sulphur-35 noted  above .  S ince  the  
p e r c en tag es  o f  in co rpo ra ted  sulphur-35 can be ob ta ined  
from T ab le  53 one can assume th a t  a t  l e a s t  a s im i l a r  
p r o p o r t i o n  o f  the su lpha te -32  i n i t i a l l y  p re s en t  would 
a l s o  become in co rpo ra ted  in t o  o rgan ic  f o rm s 0 By th is
assumption s o i l  incubated w ithout  added carbon r e s u l t e d
p“
in  the im m o b i l i s a t i o n  o f  5 o6pgS0^-S/g which r e q u i r e s
g r o s s  m i n e r a l i s a t i o n  o f  8 . 6pgSOj ~- S/ g  t o  g i v e  a n e t
m i n e r a l i s a t i o n  v a lu e  o f  3pgS0^-S/g s o i l o  S i m i l a r l y ,  f o r
2*"
the case where g lu cose -ca rb on  is added, 9 » 8pgS0^-S/g was
2“
imm obi l ised  and 10.8pgS0r-S/g s o i l  must have been
2~
m i n e r a l i s e d  t o  g i v e  n e t  m i n e r a l i s a t i o n  o f  i p g S O ^ - S / g  
s o i l .  A l l  t h e  a b o v e  v a l u e s  o f  i m m o b i l i s a t i o n  and g r o s s  
m i n e r a l i s a t i o n  a r e  n o t  e n t i r e l y  a c c u r a t e  b e c a u s e  t h e  
s u l p h u r - 3 2  a nd  a s s o c i a t e d  l a b e l  have  p r o b a b l y  u n d e r g o n e  
many m i n e r a l i s a t i o n / i m m o b i l i s â t  i o n  c y c l e s  d u r i n g  t h e  75 
d a y s  i n c u b a t i o n .  T h e r e f o r e  v a l u e s  q u o t e d  a b o v e  a r e  
u n d o u b t e d l y  u n d e r e s t i m a t e s .  However  more i n f o r m a t i o n  
a b o u t  t h e  r e l a t i v e  r a t e s  o f  i m m o b i l i s a t i o n  and 
m i n e r a l i s a t i o n  i s  r e v e a l e d  t h a n  c o u l d  be o b t a i n e d  f r o m  n e t  
m i n e r a l i s a t i o n  v a l u e s  a l o n e .  T h e  g r o s s  m i n e r a l i s a t i o n  
v a l u e s  show t h a t  a dd e d  c a r b o n  has  i n c r e a s e d  t h e  t u r n o v e r  
o f  s o i l  s u l p h u r  b u t  t h i s  i s  n o t  made e v i d e n t  by r e f e r r i n g  
t o  n e t  m i n e r a l i s a t i o n  v a l u e s .  The f i n d i n g s  a r e  i n  
a g r e e m e n t  w i t h  t h o s e  o f  o t h e r  w o r k e r s  ( F r e n e y  e t  a l . ,
-1971; Goh and T s u j i ,  1 979) who s t a t e  that  m i n e r a l i s a t i o n
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and im m o b i l i s a t i o n  p rocesses  occur s im u ltaneous ly  in  the
S O i l o
4 a  5 o 2 Exper iment I I .  In cu b a t ion  o f  S t i r l i n g  s e r i e s  s o i l  
w i th  su lphur-35o
The S t i r l i n g  s o i l  was incubated w i th  sulphur-35 and 
added g lu co se -c a rb o n  f o r  75 days. S o i l  sub-samples v/ere 
taken  a t  i n t e r v a l s  to  f o l l o w  the in c o r p o r a t i o n  o f  S-35 
in to  the va r io u s  s o i l  sulphur f r a c t i o n s .  D e t a i l s  o f  
e xp e r im en ta l  techn iques  and in cu ba t ion  cond i t ion s  a re  
found in  s e c t i o n  3 . 7 . 2 0
R e s u l t s  show (T ab le  55) tha t  the l e v e l s  o f  sulphur-32, 
in  the f o u r  s o i l  sulphur f r a c t i o n s  i n v e s t i g a t e d ,  remain 
r e l a t i v e l y  u n a l t e r ed  throughout the in cu b a t io n 0 However, 
the  e x t r a c t a d l e  s o i l  su lphate  l e v e l s  do f a l l  s i g n i f i c a n t l y  
i n d i c a t i n g  ne t  su lphate  im m o b i l i s a t io n  ( e s p e c i a l l y  
n o t i c e a b l e  a f t e r  the f i r s t  ten  d a y s ) .  The in cu ba t ion  
c o n d i t i o n s  imposed on the s o i l  have t h e r e f o r e  not markedly  
a f f e c t e d  the d i s t r i b u t i o n  o f  indigenous s o i l  sulphur 
between the sulphur f r a c t i o n s .
The s o i l  was imm edia te ly  a i r  d r ied  a f t e r  each 
sampling to  ' f i x '  the  l a b e l l e d  sulphur in  the v a r i o u s  s o i l  
sulphur f r a c t i o n s .  The a c t i v i t y  o f  the e x t r a c t a b l e  s o i l  
sulphur was determined to enable  q u a n t i f i c a t i o n  o f  the 
su lphur-35 in c o r p o r a t i o n  in to  o rg a n ic  forms. The 
assumptions made in  the c a l c u l a t i o n  o f  percen tage  
in c o r p o r a t i o n  have been d iscussed in  s e c t i o n  4.5*1 °
F i g u r e  15 shows tha t  35 pe rcen t  o f  the added su lphur—35 
i s  in c o rp o ra t e d  ( im m ob i l i s ed )  in to  in s o lu b le  o r g a n ic
19 0
TABLE 55 . The l e v e l s  o f  sulphur-32 in  the S t i r l i n g  s o i l
sulphur f r a c t i o n s ,  b e fo r e  and during; in cu b a t io n
S o i l  sulphur 
f r a c t i o n
E x t r a c t a b l e
su lpha te




T o t a l  sulphur
I n i t i a l  
sulphur 





S l e v e l s  








S l e v e l s  5 l e v e l s  















S l e v e l s  
a f t e r  
75 days 






' t h i s  va lu e  in c lu des  5ugS/g added as a c a r r i e r
TABLE 56 . The d i s t r i b u t i o n  o f  su lphur-35^ between the
S t i r l i n g  s o i l  sulchur f r a c t i o n s  during in cu b a t io n
S o i l  sulphur 
f r a c t  ion
E x t r a c t a b l e
su lpha te




T o t a l  sulphur
Amount o f  sulphur-35 (mCi)
10 days 25 days 50 days 75 days


















5mCi o f  sulphur-35 was o r i g i n a l l y  added.
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F i g u r e  1'5. The i n c o r p o r a t i o n  o f  s u l p h u r - 3 5  i n t o  
S t i r l i n g  s o i l  s e r i e s  o r g a n i c  s u l p h u r  











































*  *  T o t a l  s u l p h u r
50m
O------ O HI r e d u c i b l e  s u l p h u r
S------ a  C a r b o n - b o n d e d  s u l p h u r
5 0 75
Time ( d a y s )
sulphur a f t e r  jus t  10 days o f  in cu ba t ion .  Over the  next  
65 days o n ly  a fu r th e r  10 pe rcen t  o f  the a p p l i e d  
sulphur-35 becomes in c o r p o ra t e d .  F ig u re  15 on ly  
i n d i c a t e s  r a t e  o f  net sulphur-35 in c o r p o r a t i o n .  T h e r e f o r e  
the h igh  i n i t i a l  r a t e  o f  su lphur -35  i n c o r p o r a t i o n ,  
e v id e n t  in  the  f i g u r e ,  i s  because r e m in e r a l i s a t i o n  o f  the 
in c o r p o ra t e d  sulphur-35  i s  not s i g n i f i c a n t  a t  t h i s  e a r l y  
s ta ge  o f  in cu b a t io n .  ( I t  i s  p o s s ib l e  th a t  gross  
su lphur -35  in c o r p o r a t i o n  p roceeds  a t  a cons tan t  r a t e  
throughout the in c u b a t io n 0)
S ince  the  pe rcen tages  o f  in c o rp o ra t e d  sulphur-35 
in c reased  a t  each sampling date  no t rue  e q u i l i b r iu m  between 
o rga n ic  sulphur-35 and su lphate -35  had been reachedo 
However the  in c r e a s e s  a t  25 , 50 and 75 days a re  small  and 
i t  i s  i n t e r e s t i n g  to note  tha t  near e q u i l i b r iu m  i s  
a t t a in e d  w i t h in  25 days which in d i c a t e s  the h igh  turnover  
o f  sulphur in  the  S t i r l i n g  s o i l .
The p a r t i t i o n i n g  o f  the in co rp o ra ted  sulphur-35 
between carbon-bonded and H l - r e d u c ib l e  sulphur i s  s im i l a r  
to that  observed  f o r  the Whitsome s o i l .  A ga in ,  more o f  
the su lphur-35 i s  found in the  H l - r e d u c ib l e  form, a l though  
U3 p e r c e n t  o f  the in co rp o ra ted  sulphur -35  occurs  as carbon- 
bonded sulphur (compared to  31 percen t  f o r  the Y/hitsome 
s o i l  incubated  w i th  added g lu c o s e - c a r b o n ) . There i s  v e r y  
l i t t l e  change in the amount o f  sulphur-35 in co rp o ra ted  as 
H I - r e d u c ib l e  sulphur a f t e r  25 days w h i le  the  carbon- 
bonded S-35 does show a gradual  in c rease  w i th  t im e .  T h is  
i s  an i n d i c a t i o n  o f  the more t r a n s i e n t  nature o f  the H I-
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r e d u c ib l e  f r a c t i o n  and the r e s e r v e  nature  o f  the carbon- 
bonded sulphur poo l  which takes more t ime to 
e q u i l i b r  a t e  w i th  the added su lphur-350 S ince  l e v e l s  
o f  su lphur -32  remain a lmost unchanged by in cu b a t ion  the 
s p e c i f i c  a c t i v i t y  data ( T a b l e  5 7 )  c l o s e l y  resembles the 
changes in  amounts o f  su lphur-35 r e p o r t e d  in  Tab le  56»
The s p e c i f i c  a c t i v i t y  o f  the e x t r a c t a b l e  sulphur f a l l s  
d r a s t i c a l l y  during the f i r s t  10 days as the un incorpora ted  
sulphur-35 i s  d i lu t e d  by m in e r a l i s e d  su lphur-32 .  A f t e r  
the f i r s t  10 days the p r o p o r t i o n  o f  su lphur -35  to 
sulphur 32 in  the s o i l  e x t r a c t a b l e  sulphur remains 
f a i r l y  constant  a l though  true  e q u i l ib r iu m  between the 
su lphur -32  and the su lphur -35  o f  the o r g a n ic  m atter  and 
e x t r a c t a b l e  sulphur was not a t t a i n e d »  Such an 
e q u i l i b r iu m  would p rob ab ly  take a long  t im e ,  i f  e v e r ,  to 
become e s t a b l i s h e d »  The s p e c i f i c  a c t i v i t i e s  o f  the 
carbon-bonded and H l - r e d u c ib l e  sulphur,  a f t e r  10 days 
in c u b a t io n ,  i l l u s t r a t e d  how q u ic k ly  the  su lphur -35  was 
d i s t r i b u t e d  through the s o i l  sulphur f r a c t i o n s .  Small 
in c r e a s e s  in  s p e c i f i c  a c t i v i t y  at  subsequent sampling 
dates  in d i c a t e d  tha t  w h i le  near e q u i l i b r iu m  was soon 
a t t a in e d  complete  e q u i l ib r iu m  was not reached w i th in  75 
days o f  in cuba t ion .
As mentioned above an e s t im ate  o f  g ross  su lphate  
m i n e r a l i s a t i o n  can be ob ta ined  from va lu es  o f  p e rcen tage  
sulphur -35  in c o r p o r a t i o n ,  amounts o f  a s s o c ia t e d  su lph a te -  
32 and the net m i n e r a l i s a t i o n  or  im m o b i l i s a t io n  o f  
s u lp h a te -3 2 . Pe rcen tage  in c o r p o r a t i o n  data sugges ts
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TABLE 57• The s p e c i f i c  a c t i v i t y  o f  the S t i r l i n g  s o i l  
sulphur f r a c t i o n s
S p e c i f i c  a c t i v i t y  (uCi/mgmS)
S o i l  sulphur „  .
f r a c t i o n  .1 days 25 days 50 days 75 days
incuba t ion  in cu b a t ion  in cu b a t io n  in cu ba t ion
E x t r a c t a b l e
su lphate  13 2 . 7£ 1 24o4 112.7 1O6 .O
H I- red  uc i b l e
sulphur 5o68 5.91 5.85 6.2k
Carbon-bonded
sulphur 2.81 3.36  4 .55 4 .73
T o t a l  sulphur 4.12 4 .57  5.25 5.49
X
The i n i t i a l  s p e c i f i c  a c t i v i t y  o f  the e x t r a c t a b l e  su lphate 
was 180 .0  ^Ci/mgmS.
TABLE 53• The percentages  o r  the S t i r l i n g  ana Whit some
s o i l  sulphur f r a c t i o n s  a c t i v e l y  undergo ing 
#
transforma t ion
S o i l  su lphur S t i r l i n g  s o i l  Whitsome s o i l  Whitsome s o i l  
f r a c t i o n  (+  g lu co se -C )  ( c o n t r o l )  (+ g lu co se -C )
H I- reduc  i b l e  
sulphur 5 - Q 8 . 0 1 2 . 0
Carbon-bonded
sulphur







(based on the specific  a c t iv ity  of the extractable sulphate)
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th a t ,  a f t e r  1 0 days in cu b a t io n ,  9.1+pgS/g has been
in c o rp o ra t e d  w h i l e  e x t r a c t a b l e  su lp h a te -32  l e v e l s
in d i c a t e d  a ne t  im m o b i l i s a t io n  o f  2«3;agS/g« T h e re fo r e
g ross  m i n e r a l i s a t i o n  in  the f i r s t  10 days produced
7o1 jigS/g s o i l  causing a l o w e r in g  o f  the s p e c i f i c  a c t i v i t y
o f  the  e x t r a c t a b l e  su lph a te ,  d iscussed  above .  This
demonstrated the h igh  r a t e  o f  sulphur tu rnove r  a l s o
found in  the Whitsome s o i l 0
A l though  e q u i l ib r iu m ,  in  th e  S t i r l i n g  s o i l ,  between
sulphur -32  and sulphur-35 in  the v a r i o u s  sulphur f r a c t i o n s
was not reached a f t e r  75 days o f  in cu ba t ion  the s p e c i f i c
a c t i v i t i e s  o f  the p o r t io n s  o f  the va r io u s  sulphur
f r a c t i o n s  undergo ing  t r a n s fo rm a t io n  should be v e r y
s i m i l a r «  Such an assumption a l l o w s  the e s t im a t i o n  o f
the p e rcen tages  o f  the s o i l  sulphur f r a c t i o n s  a c t i v e l y
undergo ing  t ra n s fo rm a t io n  in  the S t i r l i n g  s o i l  ( t h i s
assumption a l s o  holds f o r  the  Whitsome s o i l ,  assuming a
s i m i l a r  r a t e  o f  change ) «  The r e s u l t s  f o r  both  s o i l s  (Table
show tha t  o n ly  a small  f r a c t i o n  o f  the o rgan ic  s o i l
sulphur was a c t i v e l y  undergo ing  t ra n s fo rm a t io n .  Th is
f r a c t i o n  w i l l  r e p re s e n t  the l a b i l e  s o i l  sulphur p o o l ,
capab le  o f  r a p i d l y  r e p l e n i s h in g  l e v e l s  o f  p la n t  a v a i l a b l e
su lphur.  The H l - r e d u c ib l e  f r a c t i o n  was more a c t i v e  than
the carbon-bonded f r a c t i o n  in  both  s o i l s «  However th is
d i f f e r e n c e  was much more marked in  the Whitsome s o i l
r e g a r d l e s s  o f  g lu cose -c a rb on  a d d i t i o n .  Th is  i s  good
ev id ence  f o r  supposing tha t  H l - r e d u c ib l e  sulphur i s  o f  a
r
t r a n s i t o r y  nature and i s  an immediate p recusor  to
s u lp h a te - s u lp h u r . Other workers have reached s i m i l a r
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conc lu s ion s  about the H I - r e á u c ib l e  f r a c t i o n  (Freney  et  
a l . , 1 971 and 1 975; McLaren and S w i f t ,  1 977) o The 
carbon bonded sulphur i s  l e s s  a c t i v e  than the H I -  
r e d u c ib l e  sulphur in  the S t i r l i n g  s o i l  and markedly l e s s  
a c t i v e  in  the Whitsome s o i l  dur ing  the 75 day in cu b a t ion  
but i t s  r o l e  in  the long  term supply o f  sulphur to  p la n ts  
could be more s i g n i f i c a n t e
k o5 •3 ° R e - in c u b a t io n  o f  l a b e l l e d  Whitsome and S t i r l i n g  
s e r i e s  s o i l s .
P o r t i o n s  o f  the two Whitsome s o i l s  ( in cu b a te d  w ith  
and w i thou t  added g lu cose -c a rb on )  and the  S t i r l i n g  s o i l  
l a b e l l e d  w i th  sulphur-35 were leached  w i th  ca lc ium 
c h l o r i d e  and re - in cu b a ted  w i th  added n u t r i e n t s  and a 
s t a r t e r  innoculum as d es c r ib ed  in  s e c t i o n  3»7°1 .1 . The 
Whitsome s o i l s  were leached  in  l e a c h in g  tubes then a l low ed  
to  dry out o v e r  a few days to a l l o w  easy removal  o f  the 
s o i l  from the tube.  The s o i l  was then a i r - d r i e d .  However 
the  S t i r l i n g  s o i l  was leached  using a Buchner f i l t r a t i o n  
u n i t  and then im m ed ia te ly  a i r - d r i e d 0 Th is  change in 
method was in troduced  because i t  was cons ide red  l i k e l y  that  
the  s o i l  could m in e r a l i s e  su lphate  w h i le  i t  was s l o w ly  
d ry in g  in  the l e a c h in g  tubes .  E x t r a c t a b l e  s o i l  su lph a te ,  
su lphate -35  a c t i v i t y  and the s p e c i f i c  a c t i v i t y  o f  the 
e x t r a c t a b l e  su lphate  o f  the leached  s o i l s  were determined 
a t  0, 7, i i|, 21, 28 and 50 days incuba t ion  ( P i g s .  1 6 , \~{ 
and 18 r e s p e c t i v e l y ) .
I t  can be seen that  c o n s id e ra b le  q u a n t i t i e s  o f  
e x t r a c t a b l e  su lpha te -32  and su lphate-35 are  p resen t  even


































































































































































































































































a f t e r  thorough l e a c h in g  o f  the s o i l s  ( s e e  su lph a te  l e v e l s  
a t  0 days in c u b a t i o n ) .  S ince  both  the Y/hitsome and the 
S t i r l i n g  s o i l s  show th is  c h a r a c t e r i s t i c  i t  i s  p rob ab le  
tha t  the a i r  d ry in g  was in s trum en ta l  in  l i b e r a t i n g  
q u a n t i t i e s  o f  su lphate -32  and su lphate -35  r a th e r  than the 
s low d r y in g  p e r io d  employed w i th  the Whitsome s o i l  o n ly .  
Th is  e f f e c t  o f  a i r - d r y i n g  has been w id e l y  r e p o r t e d  in  the 
l i t e r a t u r e  (Barrow 1 960 ; W i l l i a m s  1967 ) .  The su lphate 
r e l e a s e d  by a i r  d ry in g  has a h igh  s p e c i f i c  a c t i v i t y  
compared to  that  o f  the t o t a l  o r ga n ic  s o i l  su lphur0 
Th is  in d i c a t e d  th a t  the more r e c e n t l y  in c o rp o ra t e d  sulphur 
was more su scep tab le  to  breakdown in to  su lp h a te .  T h e r e f o r e  
the  use o f  a i r - d r i e d  s o i l s  in  su lphur-response  type pot 
exper iments  could p ro v id e  u s e fu l  in fo rm a t ion  about the 
s o i l s  r e s e r v e  sulphur s t a tu s .  C r i t i c i s m  in  the 
l i t e r a t u r e  (Barrow, 1 960 ) o f  the use o f  a i r  d r i e d  s o i l s  
f o r  pot exper im ents  i s  t h e r e f o r e  probab ly  u n j u s t i f i e d .
A l l  the s o i l s  showed a s im i l a r  r a t e  o f  su lphur-32 
m i n e r a l i s a t i o n  which was v e r y  d i f f e r e n t  to tha t  e x h ib i t e d  
by a range o f  s o i l s  in  s e c t i o n  h d u  The i n i t i a l  f l u s h  
o f  m in e r a l i s e d  su lpha te ,  p r e v i o u s l y  observed ,  was absent  
due p robab ly  to the  e f f e c t  o f  l e a c h in g  which w i l l  remove 
r e a d i l y  u t i l i s a b l e  su b s t ra te s  and n u t r i e n t s  and a f f e c t  the 
numbers and balance o f  m ic r o b ia l  p o p u la t i o n s .  A l l  s o i l s  
show a s tead y  in c r e a s e ,  w i th  t im e ,  in  l e v e l s  o f  
m in e r a l i s e d  su lphate-32 a l thou gh  on ly  the Y/hitsome s o i l s  
appear to  a t t a in  an e q u i l ib r iu m  w i th in  the 50 days 
in cu b a t io n .
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TABLE 59« The amounts o f  sulphur-32 and sulphur-35
m in e r a l i s e d  from re - in c u b a te d  VYhitsome s e r i e s  
s o i l .
a )  S o i l  o r i g i n a l l y  incubated w i th  added g lu co se -c a rb o n
In c u b a t i o n  pe r iod  
(days )
M in e r a l i s e d
3-32
(ygSog-S/g )
M in e r a l i s e d
( y c l / g )
S p e c i f i c  A c t i v i t y  
o f  m in e r a l i s e d  S 
( yiC i/mgmS)
0 1 .k 0 0 Oh.6 32 0 9
7 3 °7 0.07h 20 .0
1 b .7 0.099 21 .1
21 5o5 0.1 07 1 9 »b
28 9.0 0 01 b-\ 15.7
50 9o5 0.1 39 1^ .6
b) S o i l  o r i g i n a l l y  incubated 1,vithout added g lu co se -c a rb o n
In c u b a t io n  p e r i o d  
(days )
M in e r a l i s e d  
S —32 
(pgS0g-3/g )
M in e r a l i s e d  
S-35
( j iC i/g )
S p e c i f i c  A c t i v i t y  
o f  m in e r a l i s e d  S 
( y.0 i/mgmS)
0 1 .5 0.038 25.3
7 3.8 0.062 16 .2
1U 5.7 0.087 15.3
21 7.1 Ool 00 1 U.1
28 9.3 0.1 22 1 3.1
50 9.5 0.1 3b 1 ko-)
A l l  va lu es  above 
made on d u p l i c a t e
rep res en t  the 
t r ea  tments0
mean o f  two d e t e rmina t  i o  ns
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m i n e r a l i s e d  f r o m  r e - i n c u b a t e d  S t i r l i n g  s e r i e s  s o i l■ —i ■ i ■ . i ■ - —. ■ - —i . ... i i . — - ■
-  ~ + . ■ = S x t r a c t a b l e  E x t r a c t a b l e
In c u b a t i o n  p e r iod  ph a te_ 32 sui phur- 35 ° f  e x t r a c „ a o l e
(d a y s )   ̂ , * „ . /  \ sulphur
(jXES/g) ( ] W g )  ( j iCi/mgmS)
0 2o8 0.1 7 60 o 7
7 2 06 0 d  5 57.7
14 4 o3 0 c 20 46.5
21 4 .3  0o24 55.8
28 5=5 0.26 47.3
50 808 0.31 35=2
TAr>L5 60 . The amounts o f  su lph u r-52^ and sulphur-55
r e p o r t e d  v a l u e s  r e p r e s e n t  t h e  mean o f  two d e t e r m i n a t i o n s  
made o n  two r e p l i c a t e  t r e a t m e n t s .
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For the S t i r l i n g  s o i l ,  the  f i r s t  7 days o f  
in cu b a t io n  showed a net im m o b i l i s a t io n  o f  both su lp h a te -32 
and su lphur-35* I t  i s  d i f f i c u l t  to  e x p la in  e x a c t l y  why 
im m o b i l i s a t i o n  occurred  s ince  l e a c h in g  and a i r - d r y i n g  w i l l  
g r e a t l y  d i s r u p t  the balance o f  e a s i l y  u t i l i s a b l e  carbon, 
n i t r o g e n  and su lphur.  The e f f e c t  o f  the g lu co se -c a rb o n  
added to the  Whitsome s o i l  can be seen in  F i g s .  1 6 , 17 
and 180 The s o i l  r e c e i v i n g  g lucose  carbon m in e r a l i s e d  
s u lp h a te -32  a t  a s im i la r  r a t e  to  the c o n t r o l  s o i l  but the 
amounts o f  su lphur -32  m in e ra l i s e d  a t  each sampling date 
were a lways l e s s 0 Hov/ever the s o i l  which r e c e i v e d  
g lu c o s e - c a r b o n  m in e ra l i s ed  g r e a t e r  amounts o f  su lphur-35 
than the c o n t r o l  s o i l o  Th is  is  because the g lu c o s e -  
carbon t r e a t e d  s o i l  possessed a g r e a t e r  p r o p o r t i o n  o f  
l a b e l l e d  o rgan ic  sulphur. For  a l l  the s o i l s  the changes 
in  su lpha te -32  l e v e l s  c l o s e l y  p a r a l l e l e d  changes in  
sulpnur-35 l e v e l s 0
R e - in c u b a t io n  imm edia te ly  reduced the s p e c i f i c  
a c t i v i t y  o f  the e x t r a c t a d l e  su lpha te  o f  a l l  the s o i l s  
used. Th is  i s  due to m i n e r a l i s a t i o n  o f  u n la b e l l e d  
o rgan ic  sulphur compounds caus ing  i s o t o p i c  d i l u t i o n  in  
the  e x t r a c t a d l e  sulphur p o o l .  In  the S t i r l i n g  s o i l  the 
s p e c i f i c  a c t i v i t y  o f  the e x t r a c t a d l e  sulphate d ec reases  
throughout the 50 days o f  in cu ba t ion  whereas the Whitsome 
s o i l s  appear to  a t t a i n  a constant  s p e c i f i c  a c t i v i t y  a f t e r  
28 days in cu ba t ion .  I t  i s  most i n t e r e s t i n g  to no te  that  
the  s p e c i f i c  a c t i v i t y  o f  the e x t r a c t a d l e  su lphate  o f  bo th  
s o i l s  a t  any s tage  o f  the in cu ba t ion  was markedly  h igher
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than the s p e c i f i c  a c t i v i t y  o f  the t o t a l  o rgan ic  s o i l  
su lphur .  For example a f t e r  50 days in cu ba t ion  o f  the 
S t i r l i n g  s o i l  the  s p e c i f i c  a c t i v i t y  o f  the e x t r a c t a b l e  
su lpha te  was 35°2yiCi/mg J3, compared to  the s p e c i f i c  
a c t i v i t y  o f  the  t o t a l  s o i l  sulphur b e f o r e  l e a c h in g  which 
was 2.25yiCi/mg S. T h is  demonstrated th a t  the more 
r e c e n t l y  in co rp o ra ted  s o i l  sulphur i s  the most e a s i l y  
m in e r a l i s a b l e  f r a c t i o n .  Th is  f i n d i n g  p r o v id e s  a means 
o f  r e - e v a l u a t i n g  t r a d i t i o n a l  s o i l  sulphur e x t r a c t i n g  
s o lu t i o n s  by f i r s t l y  e x t r a c t i n g  a l a b e l l e d  s o i l  and then 
comparing the  s p e c i f i c  a c t i v i t i e s  o f  the e x t r a c t e d  
sulphur and the t o t a l  s o i l  su lphur.  A means i s  thus 
a v a i l a b l e ,  to  deve lop  an e x t r a c ta n t  capab le  of p r e d i c t i n g  
the s o i l s  r e s e r v e  sulphur s t a t u s 0
The f i n a l  s p e c i f i c  a c t i v i t i e s  o f  the e x t r a c t a b l e  
su lphate  in  a l l  the s o i l s  was c o n s id e ra b ly  l o w e r  than the 
s p e c i f i c  a c t i v i t y  o f  the s o i l  e x t r a c t a b l e  su lphate  p r i o r  
to  l e a c h in g  and a i r  d r y in g .  Th is  could be due to  the 
a i r  d r y in g  which l i b e r a t e s  l a b i l e  su lphur-3 2 , the 
subsequent m in e r a l i s a t i o n  o f  which, d i l u t e s  the su lphur-  
35 p resen t  in  the e x t r a c t a b l e  s o i l  su lpha te .  Th is  
m o d i f i c a t i o n  o f  the s o i l  sulphur could e x p la in  the 
c o n t in u a l  d ec rease  in  e x t r a c t a b l e  su lphate  s p e c i f i c  
a c t i v i t y  and non-atta inment  o f  e q u i l ib r iu m  in  the S t i r l i n g  
s o i l .
k o 6 F r a c t i o n a t i o n  o f  s o i l  o rgan ic  sulphur
S ince  s o i l  o rgan ic  matter  c o n s i s t s  o f  an i n f i n i t e  
number o f  o r g a n ic  compounds o f  v a r y in g  m o le cu la r  w e igh t
2 0 5
and chemical  composit ions i t  i s  almost c e r t a i n  th a t ,  
s i m i l a r l y ,  a v a s t  range o f  d i f f e r e n t  sulphur c o n ta in in g  
o rgan ic  m o lecu le s  are p resen t  in  the s o i l Q The 
co m p le x i t y  and v a s t  range com p l ica tes  the i s o l a t i o n  o f  
i n d i v i d u a l  compounds. T h e r e f o r e  the approach adopted 
here was to  f r a c t i o n a t e  the e x t r a c t e d  sulphur compounds 
on a b a s i s  o f  m olecu la r  w e igh t  and c h a r a c t e r i s e  these 
f r a c t i o n s  in  terms o f  chemical  com pos i t ion  and 
s u s c e p t i b i l i t y  to m in e r a l i s a t i o n .  G re a t e r  knowledge o f  
the s o i l  o r g a n ic  sulphur w i l l  a id  the  development o f  
methods capab le  o f  a s s e s s in g  the long  term sulphur 
su p p ly in g  power o f  s o i l s .
Th is  s e c t i o n  beg ins by examining a p r e v i o u s l y  l i t t l e  
used s o i l  sulphur e x t r a c t i o n  p rocedu re .  Methods used to 
f r a c t i o n a t e  the e x t r a c t e d  sulphur are  then o u t l in e d  
t o g e th e r  w i th  a ttempts  to c h a r a c t e r i s e  the f r a c t i o n s 0
¿1. 6 .1 E x t r a c t i o n  o f  s o i l  o rgan ic  sulphur
Many methods are a v a i l a b l e  f o r  the e x t r a c t i o n  o f  s o i l  
o rga n ic  su lphur.  However most methods e i t h e r  e x t r a c t  
v e r y  sm al l  p e rcen tages  o f  the t o t a l  s o i l  sulphur or the 
r e a g e n ts  employed a re  l i a b l e  to a l t e r  the forms o f  sulphur 
e x t r a c t e d .  An e x t r a c t i o n  procedure which s u c c e s s fu l l y  
overcomes these  problems was rep or ted  by S c o t t  and 
Anderson (1 976a). Th is  method, d e s c r ib e d  below, was 
adopted f o r  the work here w i th  on ly  s l i g h t  m o d i f i c a t i o n .  
F in e l y  ground s o i l  (2g  or 1 Og o f  <  1 00 mesh) was shaken 
tw ic e  w i th  two ¿+0 ml p o r t i o n s  o f  0 o-]M h y d r o c h lo r i c  a c id  
and then w i th  water f o r  f i v e  m inutes„ The ac id  p re -
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t r e a t e d  s o i l  was then added to  90 ml o r  0 o2!M a c e t y l a c e t o n e  
( p r e v i o u s l y  ad ju s ted  to  pH8 w i th  sodium hydrox ide )  and 
l e f t  s tand ing  o v e r n i g h t .  A f t e r  s tand ing^the  m ix tu re  was 
r e - a d ju s t e d  to  pn8 v/ith 3M sodium h yd rox id e .  The s o i l s  
were then d is p e rs e d  f o r  1 0 minutes us ing  a 1 50 Y/att 
u l t r a s o n i c  d i s i n t e g r a t o r  (MSE S c i e n t i f i c  Instruments )  
f i t t e d  v/ith a 1 9mm end d iam eter ,  t i t an iu m  probe .  The 
u l t r a s o n i f i e d  e x t r a c t s  were c e n t r i f u g e d  at 3 , 500g f o r  
t h i r t y  m inutes,  the supernatant decan ted ,  and the re s id u e  
was t r e a t e d  a ga in  v/ith 0.2M a c e t y l a c e t o n e  at pH8 . The 
two e x t r a c t s  were poo led  and made up to 200 ml w i th  
d i s t i l l e d  wate r .  E x t r a c t s  were s to red  a t  U°C.
I n i t i a l l y  the e x t r a c t i o n  method was in v e s t i g a t e d  
us ing  K i lmarnock a r a b l e ,  K i lmarnock p a s tu r e ,  S t i r l i n g  
a r a b l e  and S t i r l i n g  pas tu re  s o i l s 0 Two s o i l / e x t r a c t a n t  
r a t i o s  (-1 :k5 and 1 :9 )  were examined (T a b le  61 ( a )  and ( b ) ) .  
A c e t y l a c e t o n e ,  used in  c o n ju n c t ion  w i th  u l t r a s o n i c  
d i s i n t e g r a t i o n  a t  a s o i l : e x t r a c t a n t  r a t i o  o f  1.'$5 
e x t r a c t e d  78- 100$ o f  the t o t a l  s o i l  sulphur from the f o u r  
s o i l s  i n v e s t i g a t e d .  Lower ing  the s o i l : e x t r a c t a n t  r a t i o  
to 1 : 9 reduced the p e rcen tage  o f  the s o i l  sulphur 
e x t r a c t e d  to 58-89$° A l though  s o i l  sulphur i s  more 
e f f i c i e n t l y  e x t ra c t e d  us ing  the 1 :l+5 s o i l : e x t r a c ta n t  
r a t i o ,  f o r  p u re ly  p r a c t i c a l  reasons l a r g e  q u a n t i t i e s  o f  
e x t r a c t e d  o rgan ic  sulphur were ob ta in ed  more c o n v e n i e n t l y  
us ing  the 1 :9  r a t i o .
Large  q u a n t i t i e s  o f  e x t r a c t e d  s o i l  sulphur were 
r e q u i r e d  f o r  the chemical  a n a l y s i s  o f  f r a c t i o n s .  There
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TAB La 6j . Amounts o f  s o i l  sulphur e x t r a c t e d  By 0.2Ivi
a c e t y la c e to n e  at pH8 
( a )  S o i l : e x t r a c t a n t  r a t i o  o f  1 145 and u l t r a s o n i c  d i s p e r s i o n
S o i l T o t a l  sulphur (yigS/g)
E x t ra c ted
sulphur
(p g s/3 )
c/a o f  t o t a l  
sulphur 
e x t r a c t e d
K ilmarnock a ra b le 352 280 80
Ki lm arnock  pasture 705 550 78
S t i r l i n g  a ra b le 530 530 100
S t i r l i n g  pasture 632 640 1 01
( b )  S o i l : e x t r a c t a n t  r a t i o  o f  1 :9 and u l t r a s o n i c  d i s p e r s i o n
So i l T o t a l  sulphur (pgS/g )
E x t ra c ted  
sulphur 
(pgS/<3)
% o f  t o t a l  
sulphur 
e x t r a c t e d
K ilmarnock a ra b le 352 250 71
Kilmarnock pasture 705 392 56
S t i r l i n g  a ra b le 530 474 89
S t i r l i n g  pas tu re 632 424 67
( c )  So i l : e x t r a c  tant r a t i o  o f  1 :45• No u l t r a s o n i c  a i s p e r s i i
S o i l T o t a l  sulphur ( j ig  S/g)
E x t rac ted  
s ulphur 
(pgS/ 3 )
% o f  t o t a l  
sulphur 
e x t r a c t e d
Kilmarnock a ra b le 352 130 37
Kilmarnock pastu re 705 420 50
S t i r l i n g  a ra b le 530 260 49
S t i r l i n g  pasture 632 260 4i
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TABLE 6-1 ( c o n td .
( a )  So i l : e x t r a c ta n t  r a t i o  o f  1 :9 *  No u l t r a s o n ic  d i s p e r s i o n
S o i l
K i l m a r n o c k  a r a b l e  
K i l m a r n o c k  p a s t u r e  
S t i r l i n g  a r a b l e  
S t i r l i n g  p a s t u r e






E x t r a c t e d  






¡L o f  t o t a l  
sulphur 





A l l  v a lu es  above a re  the mean o f  d u p l i c a t e  d e te rm in a t io n s .
TABLE 62. A comparison between the forms o f  e x t r a c t e d  s o i l  
sulphur and the forms o f  ind igenous s o i l  sulphur
S o i l  E x t ra c ted
S o i l :  HI r e d u c ib l e  HI r e d u c ib l e
S o i l  e x t r a c ta n t  3 as % S as %
r a t i o  o f  t o t a l  o f  t o t a l
s o i l  S S e x t r a c t e d
K i lm arnock  a ra b le  1 :k5 53 k&
Kilmarnock  pasture  ■] :k5 Ul kO
S t i r l i n g  a r a b l e  1 :k5 52 I46
S t i r l i n g  pas tu re  1 :k5 50 k l
Kilmarnock  a rab le  1 :9 53 60
Kilmarnock pasture  1 :9 ¿+1 50
S t i r l i n g  a r a b le  1 :9  52- 58
S t i r l i n g  pas tu re  1 19 50 5k
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more s o i l  i s  p re s en t  ( i n  the 1 :9  s o i l : e x t r a c ta n t  r a t i o )  
a r e d a c t i o n  in the  e f f i c i e n c y  o f  the u l t r a s o n i c  
d i s i n t e g r a t e r  p robab ly  causes the d ep re ss ion  in y i e l d s  o f  
e x t r a c t e d  sulphur. The amounts o f  sulphur e x t r a c t e d  
from the Kilmarnock and S t i r l i n g  s o i l s  were v e r y  s i m i l a r  
to  those  r e p o r t e d  by S c o t t  and Anderson (1 976) f o r  o th e r  
s o i l s .  The e f f e c t  o f  the u l t r a s o n i c  d isp e rson  t rea tm ent  
was examined by comparing percen tage  e x t r a c t i o n  data w i th  
and w ithout  u l t r a s o n i c  d i s p e r s i o n  (T a b le  6 1 ( c )  and ( d ) .  
R es u l t s  show tha t  the u l t r a s o n i c  d i s p e r s i o n  g r e a t l y  
in c rea se d  the amounts o f  sulphur e x t r a c t e d  a t  both s o i l /  
e x t r a c t a n t  r a t i o s 0 Only 37-60/ o f  the s o i l  sulphur was 
e x t r a c t e d  a t  the s o i l / e x t r a c t a n t  r a t i o  o f  1 :b5 and 2I4- 5U/0 
a t  the 1 : 9  s o i l / e x t r a c t a n t  r a t i o D
S c o t t  and Anderson (1 976a.) suggested th a t  r e l a t i v e l y  
u n a l t e r e d  forms o f  s o i l  o rgan ic  sulphur were e x t r a c t e d  by 
the a c e t y l a c e t o n e  p ro c e d u re 0 Further ev id ence  to  support 
t h i s  c la im  i s  p resen ted  in  Tab le  62. The r a t i o  o f  H I -  
r e d u c ib l e  sulphur to carbon-bonded sulphur in  the  
e x t r a c t  remains v e r y  s im i l a r  to th a t  in the whole s o i l »  
S ince  the two sulphur f r a c t i o n s  a r e  e x t r a c t e d  in  a s im i l a r  
r a t i o  to  which they  occur in  the s o i l  two assumptions can 
be made:-
( i )  both  f r a c t i o n s  are e q u a l l y  e a s i l y  e x t r a c t e d .
( i i )  e x t r a c t i o n  p roce sses  do not cause convers ion  
between the H i - r e d u c ib l e  and carbon-bonded 
sulphur forms.
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TABLE 63 • A comparison Between the C:S r a t i o  o f  the
a c e t y l a c e t o n e  e x t r a c t  and the s o i l  b e f o r e  
e x t r a c t i o n ^
S o i l  G: S r a t i o  o f  s o i l  C:3 r a t i o  o f  e x t r a c t
K i lmarnock  a ra b le  68 b'D
Kilm arnock  pas tu re  66 bO
S t i r l i n g  a ra b le  UO 16
S t i r l i n g  pas tu re  88 b9
Ka s o i l : e x t r a c ta n t  r a t i o  o f  1 :b5 an(3 u l t r a s o n i c  d i s p e r s i o n  
were used.
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The carbon :su lphur r a t i o s  o f  an e x t r a c t ,  ob ta ined  
us ing  u l t r a s o n i c  d i s p e r s i o n  and a s o i l : e x t r a c t a n t  r a t i o  
o f  l : b 5  were determined (T a b le  63 ) .  The C:S r a t i o  o f  
the  e x t r a c t  was markedly  narrower  than tha t  o f  the whole 
s o i l .  T h is  in d ic a t e s  that  a c e t y l a c e t o n e  e x t r a c t e d  
r e l a t i v e l y  more sulphur than o rgan ic  carbon.
k «5 .2  The development o f  g e l  chromatography f o r  use w i th  
s o i l  o r g a n ic  sulphur e x t r a c t e d  by a c e t y l a c e t o n e
Gel  perm ea t ion  chromatography i s  a b io ch em ica l  
techn ique  w id e l y  employed to  p u r i f y  and sep a ra te  macro­
m o le c u le s .  Under c e r t a in  o p e r a t i o n a l  c o n d i t i o n s  
m o lecu le s  w i l l  be e lu t e d  from a column o f  g e l  a cco rd in g  
to  t h e i r  m o lecu la r  v/eight. Th is  s e p a ra t io n  depends upon 
the a b i l i t y  o f  the s o lu te  to  en te r  the pores o f  the 
s t a t i o n a r y  phase.  The l a r g e r  m o lecu les  which w i l l  not  
e n t e r  in to  the g e l  pores (e x c lu d ed  p o r t i o n )  w i l l  be 
e lu t e d  f i r s t  w h i l e  the sm a l le r  m o lecu les  w i l l  be he ld  up 
by the  g e l  phase ( in c lu d e d  p o r t i o n ) «  Since m o lecu les  
a re  e lu ted  in  o rde r  o f  d e c r ea s in g  m o lecu la r  s i z e  c a r e f u l  
s e l e c t i o n  o f  g e l  type  enables s e p a r a t i o n  o f  m o lecu les  o f  
a g i v e n  m o lecu la r  w e ig h t .  However s in ce  the s e p a r a t i o n  i s  
s t r i c t l y  based on m o lecu la r  s i z e  the m o lecu la r  w e igh t  
e x c lu s i o n  l i m i t  o f  a g e l  i s  nominal and w i l l  depend 
l a r g e l y  upon m o lecu la r  s t r u c tu r e .
S o i l  su lphur,  e x t ra c t e d  us ing  a c e t y l a c e t o n e ,  has been 
f r a c t i o n a t e d  p r e v i o u s l y  by g e l  chromatography ( S c o t t  and 
Anderson, 197 6 ) .  However these  workers employed water  
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l e a d s  to  g e l - s o l u t e  i n t e r a c t i o n s .  Where such 
i n t e r a c t i o n s  occur a s e p a r a t i o n  on the b a s i s  o f  m o le cu la r  
w e igh t  a lone  i s  not a ch ie v e d .  I t  was t h e r e f o r e  dec ided
to compare the per formance o f  a s e r i e s  o f  g e l/ e lu a n t  
combinat ions  w ith  a c e t y l a c e t o n e  e x t r a c t s .  E xper im en ta l  
d e t a i l s  o f  the systems which in co rp o ra te  the  use o f  
Sephadex G type  g e l s  (Pharmacia Uppsa la ,  Sweden) a re  
g i v e n  in  Tab le  6U> The systems are  l i s t e d  in  
c h r o n o l o g i c a l  o rder  o f  examination and the ta b le  
r e p r e s e n t s  the development o f  a s u i t a b l e  f r a c t i o n a t i o n  
system. V o id  volumes were determined us ing  Blue Dextrous 
2000 (Pharmacia ,  Sweden).  Some d e t a i l s  o f  sample 
p r e p a r a t i o n  are g i v e n  in  Table  but the  1 : 9  s o i l :  
e x t r a c t a n t  r a t i o  was used throughout w i th  the poo led  
e x t r a c t s  made up to  200 ml in  a v o lu m e t r i c  f l a s k .  The 
e x t r a c t s  were f i l t e r e d  us ing  a 2.2pm f i l t e r  ( M i l l i p o r e ,  
P r a n c e ) . Whenever r o t a r y  f i l m  e va p o ra t io n  was used to 
reduce the volume o f  s o i l  e x t r a c t s  the temperature was 
k ep t  be low  1+0°C to  m in imise  t ra n s fo rm a t io n  o f  the sulphur 
forms. ’Where appropr ia te^  u l t r a f i l t r a t i o n  equipment 
(Amicon, U.S.A.) was used in  p r e f e r e n c e  to r o t a r y  
e v a p o r a t i o n  in  order  to  l e s s e n  the p o s s i b i l i t y  o f  
p y r o l y s i s  o f  o rgan ic  sulphur compounds. E luant f r a c t i o n s  
o f  5g were c o l l e c t e d  throughout,  us ing  a r e c ta n g u la r  
b a la n c e -o p e ra t e d  f r a c t i o n  c o l l e c t o r  (Toyo ,  Japan ) .  The 
e l u t i o n  o f  o rgan ic  m atter  from the g e l  column was 
m on ito red  by de term in ing  the o p t i c a l  d e n s i t y  o f  each 
f r a c t i o n  a t  k l 0 nm0
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The f i r s t  se t  o f  o p e ra t in g  c o n d i t i o n s ,  us ing  w a te r  
as the  e lu a n t ,  (System I )  gave problems o f  o rgan ic  m a t te r  
a d s o r p t i o n  ( r e v e r s i b l e  and i r r e v e r s i b l e )  onto the g e l 0 
S t a in in g  o f  the g e l  and e l u t i o n  o f  o rga n ic  m a te r ia l  
o u ts id e  the t o t a l  column volume were i n d i c a t i v e  o f  
a d s o r p t i o n .  T h e re fo r e  s ep a ra t io n  was not r e l a t e d  to 
m o le cu la r  w e ig h t .  A ls o  the column can on ly  be used 
once s in c e  adsorbed m a t e r i a l  continued to be s l o w ly  
e lu t e d .  Subsequent e lu t i o n s  o f  the  same s o i l  e x t r a c t  
gave improved r e c o v e r i e s  o f  o rgan ic  m a t t e r ,  i n d i c a t i n g  
th a t  perhaps s i t e s  o f  i r r e v e r s i b l e  a d s o r p t i o n  had been 
f i l l e d  dur ing  the e l u t i o n  o f  former samples .  These 
f a c t o r s  gave r i s e  to  work which would have been d i f f i c u l t  
to r e p e a t  and would not have a l low ed  comparison o f  d i f f e r e n t  
s o i l  e x t r a c t s  e lu t e d  down the same g e l  column.
The exc luded f r a c t i o n s  were opa le scen t  in  appearance 
i n d i c a t i n g  a markedly c o l l o i d a l  ch a rac te r  w h i l s t  the 
inc luded  f r a c t i o n  vras a c l e a r  red d ish -o range  c o lou r »
The c o l l o i d a l  p r o p e r t i e s  o f  the h igh  m o le cu la r -w e ig h t  
m a te r ia l  was p robab ly  caused by contaminat ion  w i th  f i n e  
c l a y .  To enable  more comparat ive  work to be undertaken 
a second system was proposed ,  using an a l k a l i n e  b u f f e r  
as e lu a n t  (System I I ,  Tab le  6Aj.) .
The use o f  a b u f f e r  a t  pK8.9 decreased i r r e v e r s i b l e  
a d s o r p t i o n  ( l e s s  s t a in in g  o f  the g e l  occurred )  but some 
r e v e r s i b l e  a d so rp t io n  occurred  s ince  o rgan ic  m a t e r i a l  
was e lu t e d  ou ts id e  the t o t a l  column volume. The b u f f e r  
gave  a d i f f e r e n t  e lu t i o n  p a t t e rn  to the  wate r  which
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would he more r e l a t e d  to  m o lecu la r  weight«,  The b r i g h t  
red  c o l o u r a t i o n  o f  the inc luded  f r a c t i o n  in d i c a t e d  that  
i ib n -a ce ty l  acetone complexes were p r e s e n t .  Th is  was 
con f i rm ed  by comparing the U.V. a b s o rp t i o n  s p e c t ra  o f  a 
l a b o r a t o r y  prepared s o lu t i o n  o f  i r o n - a c e t y l a c e t o n e  
complex w i th  that  o f  the inc luded  f r a c t i o n s .  Both the  
in c lu ded  m a te r ia l  and the l a b o r a t o r y  prepared  iron- 
a c e t y l a c e t o n e  complex gave a peak a t  280 nm w h i l s t  the 
exc luded  m a t e r i a l  showed no peak a t  t h i s  w ave leng th .  
T h e r e f o r e  i f  the d i s t r i b u t i o n  o f  m o le cu la r  we igh ts  o f  the 
o r g a n ic  compounds i s  to  be assessed  by m on i to r in g  the 
o p t i c a l  d e n s i t y  o f  the  e lu a n t ,  the  co lou red  iron 
complexes must be removed. I t  has been shown that 
d i e t h y l  e th e r  e x t r a c t i o n  o f  the o rg a n ic  m a t te r  e x t r a c t  
w i l l  remove the iron complexes (H a ls t ea d  e t  a l . ,  1966 ) .  
A t tempts  to  use d i e t h y l  e th e r  here f o r  t h i s  purpose a l s o  
p roved  e f f e c t i v e .  A n a ly s i s  o f  the non- aqueous phase 
showed th a t  no sulphur had been removed from  the o rgan ic  
m a t te r  e x t r a c t .  The e x t r a c t  appeared to  be more 
c o l l o i d a l  a f t e r  e the r  e x t r a c t i o n  and possessed  a much 
darker  brown hue«.
The t h i r d  g e l  system examined (System I I I ,  Tab le  Gk) 
employed a l a r g e r  sample o f  s o i l  e x t r a c t  which had been 
p r e v i o u s l y  e x t r a c t e d  w ith  d i e t h y l  e th e r .  Th is  system 
o f  g e l  f i l t r a t i o n  a l low s  comparison between the e lu t i o n  
p a t t e rn s  o f  d i f f e r e n t  s o i l  o r g a n ic  m at te r  ex t rac ts « ,  The 
on ly  prob lem w ith  t h i s  system i s  that o p t i c a l  d e n s i t y  
g i v e s  a poor  in d i c a t i o n  o f  the amount o f  o rgan ic  matter
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occu r r in g  in  the excluded f r a c t i o n  s in ce  f i n e  c l a y  w i l l
cause d i s p e r s i o n  o f  the l i g h t  the reby  g r e a t l y  in c r e a s in g
the observed o p t i c a l  d e n s i t y .  F igu res  1 9 and 20 show
th a t  c u l t i v a t i o n  has not g r e a t l y  a f f e c t e d  the  m o lecu la r
w e igh t  d i s t r i b u t i o n  in  the o rga n ic  matter  e x t r a c t .
However c u l t i v a t i o n  has lowered  the  o rgan ic  m atte r  l e v e l
in  the s o i l  and hence the amounts o f  o rgan ic  m atte r
e x t r a c t e d  by a c e t y l a c e t o n e 0 To t e s t  whether th is
system t r u l y  f r a c t i o n a t e d  on a b a s is  o f  m o le cu la r  we igh t
the e l u t i o n  p a t t e r n s ,  obta ined  by a p p ly in g  to  the column
two d i f f e r e n t  amounts o f  K i lmarnock ( a r a b l e )  s o i l  o rgan ic
m at te r  e x t r a c t ,  were compared. S w i f t  and Posner (1 971 )
c la imed tha t  the  e lu t i o n  p a t t e r n  should be independent o f
sample s i z e  and sample c o n c e n t r a t i o n .  I t  was found that
the e l u t i o n  p a t t e r n s ,  f o r  the  20 ml and ¿+0 ml s o i l
e x t r a c t  a p p l i c a t i o n s  were a lmost i d e n t i c a l 0 (55 pe rcen t
o f  the lj.0 ml a p p l i c a t i o n  was exc luded and 5k p e r c e n t  o f
the  20 ml a p p l i c a t i o n  was e x c lu d e d ) . Thus the system
a l low ed  the d e te rm in a t io n  o f  r e p ro d u c ib le  m o le c u la r -
w e igh t  d i s t r i b u t i o n s  f o r  o r g a n ic  matter  e x t r a c t s .  However
the  amounts c o l l e c t e d  in  any one f r a c t i o n  were v e r y  small
and did not a l l o w  subsequent chemical analys is* ,
A f o u r th  system was examined (System IV ,  T ab le  6k)
to  enable  l a r g e r  amounts o f  o rga n ic  m atter  to  be
used
f r a c t i o n a t e d  at one t ime. Sephaaex G200 w a s j in  t h i s  case 
to  in c r e a s e  the amount o f  o rgan ic  m atte r  o c c u r r in g  in  the 
in c lu ded  p o r t i o n .  T r i s  b u f f e r  a t  pH9 was used because 
a l k a l i n e  b u f f e r s  con ta in in g  an amino c a t i o n  have been 

























































































































































































o rga n ic  m at te r  ( S w i f t  and Fosner,  1 971 ) . Work r e p o r t e d  
here  a l s o  showed th a t  t h i s  b u f f e r  reduced g e l / s o lu t e  
i n t e r a c t i o n s  and worked w e l l  in  c o n ju n c t ion  w i th  
Sephadex G200 and l a r g e  a p p l i c a t i o n s  o f  s o i l  e x t r a c t  „
T h is  system formed the bas is  o f  a f r a c t i o n a t i o n  scheme 
d e s c r ib e d  in  the f o l l o w i n g  s e c t i o n .
Uo6 o3 F r a c t i o n a t i o n  o f  s o i l  o rgan ic  sulphur on the b a s is  
o f  m o lecu la r  we igh t  and chemical f o rm .,
A ra b le  and c u l t i v a t e d  s o i l s  o f  the K i lmarnock and 
S t i r l i n g  s o i l  s e r i e s  were e x t r a c t e d  w i th  a c e t y l a c e t o n e  
as d e s c r ib e d  in  s e c t i o n  U. 6 .1 . P o r t i o n s  o f  o rgan ic  
m a t te r  e x t r a c t e d  from each s o i l  were e lu ted  down a column 
o f  Sephadex G200 acco rd in g  to the  c o n d i t i o n s  o f  System IV 
(T a b le  6 U ) . The excluded m a t e r i a l  (m o lecu la r  w e igh ts  
g r e a t e r  than 200,000) was d ia l y s e d  us ing  V i s k in g  tub ing 
( S c i e n t i f i c  Instrument Centre  L t d . , London) to remove 
the s a l t  con ta ined  in the  b u f f e r .  The o rg a n ic  m a te r ia l  
was then f r e e z e - d r i e d ,  weighed and re ta in ed  f o r  a n a l y s i s .
The inc luded o rgan ic  m a t e r i a l  (m o lecu la r  w e igh ts  
l e s s  than 200,000) was r e - f r a c t i o n a t e d  by the c o n v e n t io n a l  
h u m ic/ fu lv ic  type o f  s ep a ra t io n .  T h is  e n t a i l e d  
ad justment o f  the inc luded o rgan ic  m a te r ia l  to pHl using 
2.5M h y d r o c h lo r i c  a c id .  The p r e c i p i t a t e d  hurnic a c id  was 
c e n t r i fu g e d  down at -] 500 r .p .m«.,  washed w i th  50 nil o f  
d i s t i l l e d  water  and r e - c e n t r i f u g e a .  The humic a c ia  was 
s l u r r i e d  w i th  1 00 ml o f  d i s t i l l e d  w a te r  and f r e e z e - d r i e d o  
The f u l v i c  ac id  ( th e  s o lu b le  f r a c t i o n  at  pH = 1 ) was r e ­
a d ju s t e d  to pH 7 w i th  M Na OH, d ia l y s e d  to  remove s a l t s
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and t h e n  f r e e z e - d r i e d .  Y i e l d s  o f  humic  a n d  f u l v i c  a c i d s  
w e r e  r e c o r d e d  and t h e  f r e e z e - d r i e d  m a t e r i a l  r e t a i n e d  f o r  
a n a l y s i s .
The v a r i o u s  o r g a n i c  m a t t e r  f r a c t i o n s  w e r e  a n a l y s e d  
f o r  a s h  c o n t e n t ,  t o t a l  s u l p h u r ,  H I - r e d u c i b l e  s u l p h u r  and 
c a r b o n - b o n d e d  s u l p h u r  ( b y  d i f f e r e n c e ) .  R e s u l t s  a r e  
s ho w n  i n  F i g u r e s  21 - 2 4 .
I t  c a n  be s e e n  ( F i g .  21 ) t h a t  t h e  f r a c t i o n s  
c o n t a i n i n g  o r g a n i c  m a t e r i a l  a b o v e  2 0 0 , 0 0 0  m o l e c u l a r  
w e i g h t  a l s o  c o n t a i n e d  much m i n e r a l  m a t t e r .  T h i s  i s  d ue  
t o  t h e  h i g h  c o n t e n t  o f  f i n e  c l a y  w h i c h  p a s s e d  t h e  2 . 2  p  
m i l l i p o r e  f i l t e r .  T h i s  f i n e  c l a y  i s  p r o b a b l y  i r v t i m a t e l y  
a s s o c i a t e d  w i t h  t h e  o r g a n i c  m a t t e r  w h i c h  o c c u r r e d  i n  t h i s  
f r a c t i o n  ( me c h a n i s ms  h a v e  b e e n  s u g g e s t e d  b y  G r e e n l a n d  
( l 9 7 l ) ) o  The humic  a c i d  <  200, 000 m o l e c u l a r  w e i g h t  i s  
a l m o s t  a s h  f r e e  b u t  t h e  f u l v i c  a c i d s  c o n t a i n  a s  much a s  
U0% a s h ,  p r o b a b l y  d ue  t o  t h e  p r e s e n c e  o f  s odi um and 
a l u m i n i u m  i n t i m a t e l y  a s s o c i a t e d  w i t h  t h e  o r g a n i c  m a t t e r .  
T h e  l o n g  t e r m  c u l t i v a t i o n  i mpo se d  on two o f  t h e  s o i l s  
e n h a n c e d  m i n e r a l i s a t i o n  o f  t h e  o r g a n i c  m a t t e r  l e a d i n g  t o  
l o w e r e d  o r g a n i c  m a t t e r  l e v e l s  (and h e n c e  l o w e r  s u l p h u r  
l e v e l s  s i n c e  t h e  o r g a n i c  m a t t e r  i s  e s s e n t i a l l y  t h e  s o l e  
s o u r c e  o f  s u l p h u r  i n  t h e s e  s o i l s ) .  T h i s  phenomenon i s  
r e f l e c t e d  i n  t h e  amount s  o f  o r g a n i c  m a t t e r  e x t r a c t e d  f r o m  
t h e  K i l m a r n o c k  p a s t u r e  s o i l ,  w h i c h  i s  g r e a t e r  t h a n  t h e  
amount  o f  o r g a n i c  m a t t e r  e x t r a c t e d  f r o m  t h e  K i l m a r n o c k  
a r a b l e  s o i l 0 C u l t i v a t i o n  h a s  r e d u c e d  a l l  t h r e e  o r g a n i c  
m a t t e r  f r a c t i o n s  i n  t h e  K i l m a r n o c k  s o i l  b u t  more
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e s p e c i a l l y  the humic a c id  <  200,000 and the o rgan ic  
m at te r  > 200,000 m o lecu la r  w e ig h t .  The e f f e c t  o f  
c u l t i v a t i o n  i s  not seen in  th e  S t i r l i n g  s o i l s  where 
s im i l a r  amounts o f  o rgan ic  m a t te r  were e x t r a c t e d  from 
the pas tu re  and c u l t i v a t e d  s o i l s 0
F ig u re s  22 and 23 r e s p e c t i v e l y  show the 
c o n c en t ra t io n s  and amounts o f  su lphur found in  the  o rgan ic  
m a t te r  f r a c t i o n s  o f  each o f  the f o u r  s o i l s .  The h igh es t  
sulphur c o n c e n t ra t io n s  f o r  a l l  s o i l s  are  found in the  
f u l v i c  ac id  <2 200,000 m o le c u la r -w e ig h t  f r a c t i o n .  
C u l t i v a t i o n  o f  the S t i r l i n g  s o i l  has reduced the sulphur 
l e v e l  in  the more l a b i l e  f u l v i c  a c id  <  200,000 m o le c u la r -  
w e igh t  f r a c t i o n  whereas in  the  Kilmarnock s o i l  t h e r e  i s  
no r e d u c t io n .  The l e v e l s  o f  sulphur in  the > 200,000 
m olecu lar-v/e igh t  f r a c t i o n  remain una l te red  by c u l t i v a t i o n  
in  both  s o i l s .  For both  s o i l s ,  c u l t i v a t i o n  has 
in c reased  the c o n c en t ra t io n s  o f  sulphur in the  humic a c id  
< 200,000 m o le cu la r -w e ig h t  f r a c t i o n  su gg es t in g  th a t  non­
sulphur components o f  the f r a c t i o n  are  more e a s i l y  
m in e r a l i s e d »  McLaren and S w i f t  ( l  977) and Be ttany  et 
a l . ,  ( i  980) have found that  sulphur i s  more r e s i s t a n t  to  
m i n e r a l i s a t i o n  than both carbon and n i t r o g e n .
For the  Kilmarnock s o i l s ,  the g r e a t e s t  amount o f  
su lphur was found in the  >  200,000 m o le cu la r -w e ig h t  
f r a c t i o n .  A lthough o n ly  small  amounts o f  sulphur were 
r e c o v e r e d  from the humic ac id  "C 200,000 m o le c u la r -w e ig h t  
f r a c t i o n (much o f  the sulphur found in the  > 200,000 
m o le c u la r -w e ig h t  f r a c t i o n  would a lso  have occurred  in
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huirdc a c i d  a s s o c i a t e d  w i t h  t h i s  f r a c t i o n .  C u l t i v a t i o n  
o f  t h e  K i l m a r n o c k  s o i l  has  r e s u l t e d  i n  t h e  l o s s  o f  
s u l p h u r  f r o m  a l l  t h r e e  f r a c t i o n s  b ut  more e s p e c i a l l y  f r o m  
t h e  > 200, 000 m o l e c u l a r - w e i g h t  and humic a c i d  < 200, 000 
m o l e c u l a r  w e i g h t  f r a c t i o n s .  T h i s ,  h o we v e r  i s  a n  o v e r  
s i m p l i f i c a t i o n  s i n c e  c y c l i n g  o f  s u l p h u r  f o r m s  b e t w e e n  
t h e  t h r e e  f r a c t i o n s  was l i k e l y  to h a v e  o c c u r r e d  d u r i n g  
m i n e r a l i s a t i o n .  The S t i r l i n g  s o i l  d i f f e r e d  f r o m  t h e  
K i l m a r n o c k  s o i l  i n  t h a t  t h e  l a r g e s t  amount s  o f  s u l p h u r  
o c c u r  i n  t h e  <  2 0 0, 000 m o l e c u l a r  ' we i ght  f r a c t i o n s .  The 
e f f e c t  o f  c u l t i v a t i o n  on t h e  S t i r l i n g  s o i l  was o n l y  s e e n  
i n  t h e  f u l v i c  a c i d  f r a c t i o n  <T 200, 000 m o l e c u l a r - w e i g h t  
w h e r e  c u l t i v a t i o n  h a s  c a u s e d  t h e  m i n e r a l i s a t i o n  o f  much 
f u l v i c  a c i d  sulphur .  The amount s  o f  s u l p h u r  i n  t h e  o t h e r  
two f r a c t i o n s  r e m a i n e d  t h e  same a f t e r  c u l t i v a t i o n .
The chemical forms o f  sulphur o c cu r r in g  in the 
o rga n ic  m a t te r  f r a c t i o n s  were in v e s t i g a t e d  by d e te rm in ing  
the  r e l a t i v e  p r o p o r t i o n  o f  H l - r e d u c ib l e  sulphur and 
carbon-conaed sulphur in each f r a c t i o n  ( P i g .  24) <= I t  was 
v e r y  n o t i c e a b l e  in  a l l  s o i l s  that  the m a jo r i t y  o f  the 
> 200,000 m o lecu la r  we igh t  f r a c t i o n  occurred  as H I -  
r e d u c ib l e  su lph u r0 Be t tany  e t  a l . ,  (1 979 and 1 980) 
noted th a t  the c l a y  a s s o c ia t e d  humic ac id  conta ined  a 
h igh e r  pe rcen tage  o f  KX—r e d u c ib l e  sulphur than the humic 
a c id  s o l u b i l i s e d  by sodium hydrox ide  and sodium 
pyrophosphate .  The c l a y  a s s o c ia t e d  humic ac id  o f  
B e t tan y  et  a l . ,  (1 979 and 1 980) would be v e r y  s i m i l a r  to 
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i n i t i a l l y  s u r p r i s in g  to f i n d  the t r a n s i t o r y  K l - r e d u c i b l e  
sulphur forms in  the > 200,000 m o lecu la r  w e igh t  f r a c t i o n  
i t  i s  p robab le  th a t  the  in t im a te  a s s o c i a t i o n  o f  t h i s  
su lphur w i th  the f i n e  c la y  p r o t e c t s  i t  from m ic r o b i a l  
t r a n s fo rm a t io n  (B e t tan y  et a l . ,  1 979 ).  However the 
sulphur in  the > 200,000 m o le c u la r -w e ig h t  f r a c t i o n  could 
a l s o  occur as h igh  m olecu la r  w e igh t  compounds which a re  
H I - r e d u c i b l e : -  f o r  example su lpnated  p o l y s a c c h a r id e s .
The f u l v i c  a c id  < 200,000 m o lecu la r  w e igh t  f r a c t i o n s  in  
a l l  the  s o i l s  a lso  conta ined  a h igh  p r o p o r t i o n  o f  H I -  
r e d u c i b l e  sulphur. Th is  agrees  w i th  r e p o r t s  that  f u l v i c  
a c id  i s  more o x id i s e d ,  i s  o f  low e r  m o lecu la r  we igh t  and 
i s  o f  a t r a n s i t o r y  n a tu re .  S ince  these  are  p rob ab ly  
a l s o  p r o p e r t i e s  o f  H l - r e d u c ib l e  sulphur i t  i s  not  
s u r p r i s in g  to f i n d  l a r g e  percen tages  o f  H l - r e d u c ib l e  
sulphur showing up in  the f u l v i c  a c id  < 200,000 m o le c u la r -  
w e ig h t  f r a c t i o n .  The humic a c id  < 200,000 m o lecu la r  
w e ig h t  f r a c t i o n  gave  the l o w e s t  p e r c en tag es  o f  H l -  
r e d u c ib l e  sulphur f o r  a l l  f o u r  s o i l s  (26^-30/j H l -  
r e d u c ib l e  su lphu r ) .  Aga in  t h i s  r e s u l t  agrees  w i th  work 
by B e t tan y  et  a l .  , (] 979) . These workers  used a d i f f e r e n t  
e x t r a c t a n t  but a l s o  found tha t  humic a c id  sulphur was 
l a r g e l y  carbon-bonded and proposed that  " H l - r e d u c ib l e  
su lphur i s  not r e a d i l y  in co rp o ra ted  in to  the condensed 
a rom at ic  u n i t s "  which make up the humic a c id .  I t  i s  
w o r th w h i le  n o t in g  th a t  the work r e p o r t e d  here and that  
pub l ished  by B e t tany  e t  a l . ,  ( i  979 and 1 980) shows good 
agreement even though d i f f e r e n t  s o i l s  and d i f f e r e n t
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e x t r a c t i n g  procedures  have been used» Both p i e c e s  o f  
work showed tha t  much H I - r e d u c ib l e  sulphur occu rred  in  
the f r a c t i o n  i n t im a t e l y  a s s o c ia t e d  w i th  c o l l o i d a l  c l a y  
and in  the f u l v i c  ac id  f r a c t i o n .
¿+.£•4 The m o le cu la r -w e ig h t  f r a c t i o n a t i o n  o f  o rgan ic  
sulphur e x t ra c ted  from S t i r l i n g  s e r i e s  s o i l .
S t i r l i n g  s e r i e s  s o i l ,  which had been under permanent 
p a s tu r e ,  was e x t r a c t e d  w ith  a c e t y l a c e t o n e  as d e s c r ib e d  in 
s e c t i o n  • The e x t ra c t  was e x t r a c t e d  w i th  d i e t h y l -
e t h e r ,  passed through a O.65 /1m " M i l l i p o r e "  f i l t e r  and 
a p p l i e d  to  a s e r i e s  o f  Sephadex G- and Sepharose g e l s »
The e x t r a c t  was f i r s t  e lu ted  down a Sephadex G10 column 
but i n s u f f i c i e n t  o rgan ic  matter  was inc luded  to  a l l o w  
subsequent f r e e z e - d r y i n g  and chemica l  a n a ly s i s  o f  t h i s  
<  700 m o le c u la r -w e ig h t  f r a c t i o n .  S i m i l a r l y  i n s u f f i c i e n t  
m a t e r i a l  was inc luded  a f t e r  e l u t i o n  o f  the e x t r a c t  down a 
G-2p column and the small  < 3)000 m o le c u la r -w e ig h t  
f r a c t i o n  v/as re tu rned  to  the bulk o f  the e x t r a c t .  T h e re fo r e  
the f i r s t  f r a c t i o n  c o l l e c t e d  was that  inc luded  from the 
e l u t i o n  o f  the e x t r a c t  down a G-50 column. The excluded 
m a t e r i a l  from t h i s  e lu t i o n  was then f r a c t i o n a t e d  as 
d e s c r ib e d  in  the f l o w  chart  ( F i g .  25 ) .  The e lu an t  used 
throughout was t r i s  b u f f e r  a t  pH9 • T ab le  63 shows some 
chem ica l  p r o p e r t i e s  o f  the S t i r l i n g  s o i l  o rgan ic  m a t te r  
f r a c t  i o n s .
The m o le cu la r -w e ig h t  d i s t r i b u t i o n  o f  the e x t ra c t e d  
o rg a n ic  m at te r  can be examined by n o t in g  the amounts o f  
ash f r e e  m a t e r i a l  in  each m o le cu la r -w e ig h t  f r a c t i o n .
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FIG. 25. The f r a c t i o n a t i o n  o f  s o i l  sulphur a c c o rd in g  to  
m o lecu la r  w e igh t
S t i r l i n g  pas tu re  s o i l  e x t r a c t  ( < 0 o65jum and d i e t h y l  
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Much o f  the o rgan ic  m atter  e x t r a c t e d  ( 5 0 £ ) , i s  found in  
f r a c t i o n  (3 )  (100,000-200,000 m o lecu la r  w e igh t )  w i th  
a p p rox im a te ly  equal q u a n t i t i e s  o c cu r r in g  in  the o th e r  
f o u r  f r a c t i o n s .  A l l  the f r a c t i o n s  except  f r a c t i o n  (5 )  
possess  v e r y  low ash con ten ts  p robab ly  because the 
o rg a n ic  amino-type c a t i o n  o f  the t r i s  b u f f e r  would be 
a s s o c i a t e d  w ith  the o rgan ic  m a t te r .  F r a c t i o n  (3 )
( > 1  x 10 m o lecu la r  w e igh t )  has a l a r g e  ash con ten t  due 
to the presence  o f  f i n e  c la y  p a r t i c l e s  < O.65 tun. As in  
the  p r e v io u s  f r a c t i o n a t i o n  the o rga n ic  m a t te r  o f  t h i s  
f r a c t i o n  w i l l  be i n t im a t e l y  a s s o c ia t e d  w i th  the m inera l  
p a r t i c l e s  0
The two low es t  m o lecu la r  w e igh t  f r a c t i o n s  conta ined 
the h igh es t  c o n c en t ra t io n s  o f  sulphur w h i le  the remain ing  
three  f r a c t i o n s  conta ined a lmost  equal sulphur 
c o n c e n t r a t i o n s . Consequent ly  much o f  the sulphur 
e x t r a c t e d  i s  found in  f r a c t i o n s  ( 1 ) and ( 2 ) .  A lso  much 
sulphur i s  r e co v e r ed  from f r a c t i o n  (3 )  because th is  
f r a c t i o n  con ta in s  h a l f  o f  the  o rgan ic  matter  e x t r a c t e d  from 
the s o i l .  Th is  ag rees  w i th  the p r ev iou s  f r a c t i o n a t i o n  
scheme which ,  when a p p l i e d  to  the S t i r l i n g  pas tu re  s o i l ,  
found a l a r g e  percen tage  o f  the  sulphur o c c u r r in g  in 
f r a c t i o n s  c o n ta in in g  m a t e r ia l  <  200,000 m o lecu la r  'w e igh t .
When the forms o f  sulphur in  each f r a c t i o n  'were 
examined a trend 7/as seen where the pe rcen tage  o f  the 
sulphur in  a f r a c t i o n  o c cu r r in g  as H I - r e d u c ib l e  sulphur 
in c reased  w i th  in c rease  in  m o lecu la r  w e igh t .  T h e r e f o r e ,  
as in  the p r e v io u s  f r a c t i o n a t i o n  scheme, the  o rga n ic
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sulphur i n t im a t e l y  a s s o c ia t e d  w i th  the f i n e  c l a y  con ta in s  
h igh  p e r c en tag es  o f  H l - r e d u c i t l e  sulphur. However t h i s  
f r a c t i o n a t i o n  scheme demonstrates  tha t  the H l - r e d u c ib l e  
sulphur might e x i s t  as h igh  m o le c u la r -w e ig h t  compounds 
ins tead  o f  s im p ler  lower  m o le c u la r -w e ig h t  compounds 
a t ta ched  to m inera l  p a r t i c u l e s .  This is  demonstrated 
because f r a c t i o n  ( i; )  con ta ins  a h igh  p r o p o r t i o n  o f  H I -  
r e d u c ib l e  sulphur forms y e t  has a low  ash c o n t e n t .  Th is  
f r a c t i o n a t i o n ,  p u r e l y  on a m o lecu la r  w e igh t  b a s i s ,  does 
not show a h igh  p r o p o r t i o n  o f  H l - r e d u c ib l e  sulphur i n  the 
<" 1 00,000 mol ecu lar-we i g h t  f r a c t i o n s  ( f r a c t i o n s  ( 1 ) and 
( 2 ) ) .  However the p r e v io u s  f r a c t i o n a t i o n  scheme showed 
that  a v e r y  h igh  p r o p o r t i o n  o f  the su lphur,  in  the f u l v i c  
a c id  < 200,000 m o le cu la r -w e ig h t  f r a c t i o n ,  occurred  as H l -  
r e d u c ib l e  su lphur.  Th is  sugges ts  tha t  the h um ic/ fu lv ic  
type  o f  s e p a r a t i o n  does not separate  a c c o rd in g  to 
m o le cu la r  w e igh t  a lone and i s  o f  more use in  group ing  
t o g e t h e r  s im i l a r  chemical forms o f  o r g a n ic  sulphur than a 
s t r i c t  m o le c u la r -w e ig h t  based f r a c t i o n a t i o n .
A fu r t h e r  a ttempt to c h a r a c t e r i s e  the  sulphur 
conta ined  in  the o rgan ic  m atte r  f r a c t i o n s  was made by 
de te rm in ing  the  amount o f  su lphate  m in e ra l i s e d  from the 
o rgan ic  sulphur o f  each f r a c t i o n .  A known w e igh t  o f  
each o rgan ic  m a t te r  f r a c t i o n  was in t im a t e l y  mixed w i th  
p u r i f i e d  sand in  a 150 ml c o n i c a l  f l a s k  in  a d d i t i o n  to 
an inoculum o f  s o i l  m ic ro -organ ism s .  The m ix ture  was 
mainta ined a t  a s u i t a b l e  water  con ten t  f o r  seven days 
a t  30°C. Ho net m in e r a l i s a t i o n  o f  sulphur was 
observed  f o r  any o rgan ic  m a t te r  f r a c t i o n  p o s s i b l y  due to
the la c k  o f  m e ta b o l i s a b l e  caroon.
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Uo 6 05 The m o lecu la r  weight f r a c t i o n a t i o n  o f  o r g a n ic  
sulphur e x t r a c t e d  from a Fenland peat
An o rgan ic  s o i l  was f r a c t i o n a t e d  to a l l o w  comparison 
between the d i s t r i b u t i o n  and chemical  forms o f  sulphur in 
a p e a t  and a m inera l  s o i l .  A lso  the p r e p a r a t i o n  o f  a 
low ash con ten t ,  h igh  m o lecu la r  w e igh t  (>  10° m o lecu la r  
w e i g h t )  o rgan ic  m at te r  f r a c t i o n  would c l a r i f y  qu es t ion s  
r a i s e d  by work per formed p r e v i o u s l y  w i th  the Kilmarnock 
and S t i r l i n g  s o i l s  ( s e e  s e c t i o n  ¿+.6.3 ana ¿+.6 .L+) in  which 
t h i s  h igh  m o lecu la r  we igh t  f r a c t i o n  was found to  have a 
h igh  ash con ten t .
The f r a c t i o n a t i o n  scheme used f o r  the  S t i r l i n g  s o i l  
( s e c t i o n  ¿1. 6 .1+) was a ls o  used f o r  the p ea t  excep t  that  
the f i r s t  f r a c t i o n  c o l l e c t e d  was that  inc luded  from 
Sephadex G1 00 ( <  1 00,000 m o lecu la r  w e i g h t ) .  Ge ls  w i th  
e x c lu s io n  l i m i t s  l e s s  than 1 0,000  m o lecu la r  we igh t  were 
examined but i n s u f f i c i e n t  o r g a n ic  m a t e r i a l  was inc luded 
to a l l o w  subsequent chemical  a n a l y s i s .  T ab le  66 shows 
some p r o p e r t i e s  o f  the peat  o rgan ic  matter  f r a c t i o n s .
The m o lecu la r  we ight  d i s t r i b u t i o n  o f  the  e x t r a c t e d  
p e a t  o rgan ic  m at te r  d i f f e r e d  from  tha t  o f  the  S t i r l i n g  
p a s tu re  s o i l .  The m a jo r i t y  o f  the  peat o r ga n ic  m at te r  
( 59/0 i s  l e s s  than 1 00,000  m o lecu la r  w e igh t  whereas most 
o f  the S t i r l i n g  s o i l  organ ic  m a t te r  occurs in  the 
1 0 0 , 000- 200,000  m o lecu la r  w e igh t  range .  A l l  the peat  
o rgan ic  m at te r  f r a c t i o n s  p osses s  a low ash con ten t  which 



























































O  3  CO 3  O
■H D  ^3 *H *H
^  ^  H  H  t o  > j - P  
p p o f t c s C a c J '
O  4 -> H  3  -H  t 3 £ 3  'S?
C3<+-< o  3  0)
o  o  co 3
3  ( D C
Oh
3  3  '3 N u 







o g to r j CO
■H 3 G G O
4-5 r~f 1— 1 r~j •H rQ T3
3 ■P cd f t  G 3 <0 ^
O -p i— 1 G rKo G 3 oo o - p CO o o
3 o CO
Ph o cd
v~ co fA o
• • 0 •
VO - 5 r - VO
r - PT Pi r A
CO 0)
G cd 1— 1
o G &
•H 0) G bo -h
•P JG r H c~| G o
G  - P cd f t •H G
O + 3 H G
f t f t o g G ©
o  o - p CO G G
g O 1
f t o w
o w
c a CM r - O
o • • •
fA L A CM — j
CM L A L A VO
-P  33 CO
3  . 333 <P ft £ 
o  O  H  bO





3  -P  
3  3  
3 3  3 -— -  
f t - P  CO








—i VO VO r -
(A VO CO co
VO rA ON• • • •
O o o O
CTi C\l o P t
• • • 0























H  Q  < 3  t 4 0 3
h g 3  a





3  3  
£ o•H 
O 4-5 •H O
3  3  















• + 5 £
i— 1 5 •
o • H
£ 1—i Oo £
1 o l 2o  o o VOo  o O c O oo  - o  o V"
- o •* T- Xo  o O  X T~
O  CM O  T-





















There appears to be no r e l a t i o n s h i p  between 
sulphur c o n c e n t r a t i o n  and m o lecu la r  w e igh t .  However 
much o f  the sulphur was r e c o v e r e d  from the <. 1 00,000 
m o lecu la r  we igh t  f r a c t i o n  (64$) whereas the rem a in ing  
th r e e  f r a c t i o n s  each con t r ib u te d  rou gh ly  equal amounts 
o f  sulphur (ap p rox im a te ly  10 p e r c e n t ) .  The p e rcen tage  
o f  the t o t a l  sulphur in  each f r a c t i o n  o c cu r r in g  as H I -  
r e d u c ib l e  sulphur increased  w i th  in c rea se  in  m o lecu la r  
w e ig h t .  Th is  t rend  was noted above in  the K i lmarnock 
and S t i r l i n g  s o i l s .  T h e r e f o r e ,  because the h igh  
m o le cu la r  we igh t  f r a c t i o n  o f  the p ea t  o rga n ic  m at te r  has 
a low  ash con ten t  i t  appears l i k e l y  that  the H I -  
r e d u c ib l e  sulphur i s  a s s o c ia t e d  w ith  l a r g e  o rga n ic  
m o lecu les  as opposed to  being adsorbed onto c o l l o i d a l  
c l a y .
The peat  o r g a n ic  m atter  f r a c t i o n s  were incuba ted ,  
as d e s c r ib e d  in  s e c t i o n  4 .6 . 4  f o r  the S t i r l i n g  s o i l .
A l l  f r a c t i o n s  showed net  m in e r a l i s a t i o n  o f  sulphur in  
c o n t r a s t  to the S t i r l i n g  s o i l  o rga n ic  matter  f r a c t i o n s  
which showed no net m i n e r a l i s a t i o n  o f  su lphur.  The 
p e rc e n ta g e s  o f  the t o t a l  sulphur m in e r a l i s e d  a re  h igh  
compared to  whole s o i l s  incubated under s im i la r  
c o n d i t i o n s  ( s e e  s e c t i o n  4 .4 )  due to  the f i n e l y  d i v id e d  
nature o f  the o rgan ic  matter  o f  the  f r a c t i o n s  which i s  
r e a d i l y  a c c e s s ib l e  to  m ic ro -o rgan ism s .  I t  i s  d i f f i c u l t  
to  i n t e r p r e t  these  va lues  o f  m in e r a l i s e d  sulphur since 
th ey  w i l l  be dependent on f a c t o r s  o th e r  than the q u a n t i t y  
o f  r e a d i l y  m in e r a l i s a b l e  sulphur p re s en t  in  each f r a c t i o n
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( f o r  example:-  amounts of  r e a d i ly  u t i l i s a b l e  carbon and 
n itrogen ,  rates  of sulphate immobil isat ion ) .
k.OoS The molecular weight d i s t r i b u t io n  o f  recently  
incorporated su lphate - 3 5 .
Whitsome se r ie s  s o i l ,  which had been incubated with  
sulphate-35 in the presence and absence o f  g lucose -  
carbon (descr ibed  above in sec t ion  3 . 7<=1 ) was extracted  
with acety lacetone . The extrac t ion  was c a rr ied  out as 
p rev ious ly  described in section  ¿4 . 6 . 1  . The extract  was 
f i l t e r e d  through a O. 6 5  pm f i l t e r ,  extracted with d iethyl  
ether ,  reduced in volume by ro ta ry  evaporation and made 
up to 1 00 mis with d i s t i l l e d  water in a volumetric  f l a s k .  
The acetylacetone extracted 53 percent of the l a b e l l e d  
s o i l  sulphur from the s o i l  r ece iv ing  g lucose -carbon and 
5 8  percent from the s o i l  not rece iv ing  g lucose -carbon.  
Port ions (20 mis) o f  the s o i l  extracts  were eluted down a 
column o f  Sepharose 6b using T r is  bu f fe r  at pH9 as the 
eluant.  Sepharose 6 B f ra c t ion a te s  po lysaccharides in 
the molecular weight range o f  1 0 , 0 0 0  -  1 x 1 0  ̂ and v/as 
therefore  su i tab le  fo r  this f ra c t io n a t io n .  Fract ions o f  
eluant ( 5 g) were co l lected  f o r  isotopic  assay and o p t ic a l  
density determination at UlO nm wavelength. F igures  26 
and 2 7  show the e lu t ion  o f  organic matter from the column 
and the amount of  sulphur - 3 5  associated with each f r a c t io n .  
The f igu re s  show that sulphur-35 has deen incorporated  
into organic molecules of a l l  molecular weights w ith in
g
the molecular-weight range 1 0,000 -  1 x 1 O . However
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excluded p o r t i o n  o f  the e l u t i o n  p a t t e rn  which i s  
e s p e c i a l l y  n o t i c e a b l e  f o r  the s o i l  incubated w i th  added 
g lu c o s e -c a rb o n .  This peak cou ld  be due to  h igh  
m o le cu la r -w e ig h t  l a b e l l e d  compounds or  p o s s i b l y  low er  
m o le c u la r -w e ig h t  l a b e l l e d  compounds adsorbed onto f i n e  
c l a y  p a r t i c l e s .  Only a small  p r o p o r t i o n  o f  the mid 
m o le cu la r -w e ig h t  range o f  o r g a n ic  m o lecu les  con ta ined  
r e c e n t l y  in co rp o ra ted  su lphur-35 .  The d i s t r i b u t i o n s  
o f  o r g a n ic  m atte r  and sulphur-35 in  the inc luded  peaks 
were n o t i c e a b l y  d i f f e r e n t .  The sulphur-35 peak was 
e lu ted  a f t e r  the organ ic  m a t te r  peak in  th e  case  o f  both 
the s o i l  r e c e i v i n g  g lu co se -c a rb o n  and the c o n t r o l  s o i l  
( z e r o  carbon a d d i t i o n ) .  T h e r e fo r e  a r e l a t i v e l y  d i s t i n c t  
low  m o lecu la r  w e igh t  f r a c t i o n  o f  r e c e n t l y  formed o rgan ic  
sulphur has been produced in  both s o i l s 0
S ince t h i s  inc luded  peak is  e lu t e d  v e r y  c l o s e  to  the 
t o t a l  column volume i t  could be due to  su lphate -35  
l i b e r a t e d  by a c e t y l a c e t o n e  e x t r a c t i o n  and u l t r a s o n i c  
d i s p e r s i o n .  To check tha t  t h i s  had not occurred  an 
at tem pt  was made to  separa te  su lphate -35  from low 
m o lecu la r  we ight  sulphur-35 o rg a n ic  compounds. I n i t i a l l y  
u l t r a f i l t r a t i o n  was t r i e d  us ing  a UB2 membrane (Amicon 
L t d . ,  U .S .A . )  Th is  membrane should r e t a i n  on ly  
m o lecu les  g r e a t e r  than 1 ,000 m o le cu la r  we ight but i t  was 
found to r e t a i n  ions when used w i th  a s o lu t i o n  c o n ta in in g  
su lphate -35  (O . iu C i )  and jQjx^S/rdof c a r r i e r  su lp h a te -3 2 .  
T h is  anomaly was p robab ly  due to  e l e c t r o s t a t i c  i n t e r a c t i o n  
between the su lphate  ions and the membrane s u r f a c e .
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Sephadex G i0 was then examined as t h i s  g e l  exc ludes
m o lecu les  o f  m o lecu la r  w e igh t  g r e a t e r  than 7 00 .
as
Su lpha te -35 (Oo'iuCi) and 2C^jS/p^sulphate (a s  sodium 
su lp h a te )  was ap p l ied  to th e  column o f  Sephadex G 1 0 
g e l .  I t  was found that  the su lphate -32  and su lpnate -35  
were doth e lu t e d  w i th in  the  v o id  volume and o n ly  the 
sodium ions  appeared in  the inc luded  volume as th eo ry  
would p r e d i c t .  Aga in  e l e c t r o s t a t i c  i n t e r a c t i o n  was 
p r o b a b ly  r e s p o n s ib l e  f o r  the anomaly. Sephadex G 25 
was then s i m i l a r l y  t e s t e d  as d es c r ib ed  above and in  t h i s  
case a l l  the io n ic  s p e c ie s  were e lu ted  a t  the  t o t a l  
column volume. T h e r e f o r e  a lthough a techn ique  f o r  
s e p a r a t in g  low m o lecu la r  we igh t  o r g a n ic  sulphur-35 
compounds from su lphate -35  could not be deve loped  the 
inc luded  sulphur-35 p e a l  from the Sepharose 6B e lu t i o n  
could be p oo le d  and r e - f r a c t i o n a t e d  down a Sephadex G 25 
column. Ahout 50y  o f  the
Sepharose SB inc luded sulphur-35 ( e x t r a c t e d  from the s o i l  
incubated w i th  carbon)was exc luded  from G 25. The 
remain ing 50 p e rcen t  could t h e r e f o r e  be e i t h e r  o rgan ic  
sulphur-35 compounds l e s s  than 5,000 m o lecu la r  w e igh t  o r  
su lph a te -35 .  To fu r th e r  c h a r a c t e r i s e  the G 25 in c luded  
sulphur-35 i t  was p a r t i t i o n e d  in to  H l - r e d u c ib l e  
sulphur-35 and carbon bonded su lphur-35 .  I t  was found 
tha t  33 p e rcen t  o f  the G 25 in c lu ded  l a b e l  was carbon-  
bonded which in d i c a t e s  that  by no means a l l  o f  the -4. 5,000 
m o le c u la r -w e ig h t  sulphur-35 occurred  as su lph a te -35 .
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5° CONCLUSION
The f i e l d  exper iments conducted in  th i s  study have 
shown th a t ,  a t  p r e s e n t ,  a s t a t e  o f  sulphur s u f f i c i e n c y  
e x i s t s  in  southern  Scot land .  T h is  s u f f i c i e n c y ,  however,  
i s  on ly  m arg ina l  and i s  dependent upon sulphur supp l ied  
by the  s o i l .  Th is  s o i l  sulphur was necessary  to  
m a in ta in  sulphur s u f f i c i e n c y  in  a reas  o f  average  and low 
a tm ospher ic  sulphur inputs .  T h e r e f o r e  no y i e l d  
re sponse  to added sulphur was observed  in  the f i e l d «  
However the a d d i t i o n  o f  sulphur increased  the t o t a l  
sulphur and su lphate  content  o f  herbage and in  do ing  so ,  
improved the n u t r i t i o n a l  q u a l i t y .  Added sulphur was 
found not to in c r e a s e  concen trâ t  ions  o f  K j e ld a h l— 
n i t r o g e n  or  have any e f f e c t  on the  n i t r a t e  c o n c e n t râ t  ions 
in  herbage .  The sulphur budget shee ts  enabled the 
amount o f  su lph a te ,  supp l ied  by the s o i l  from 
m in e r a l i s a t i o n ,  to be c a l c u la t e d .  I n  1 977 a t  
Dykegatehead 15kg o f  s o i l  su pp l ied  sulphur/ha was 
removed by the p la n ts  over  the grow ing  season and in  
1 978, i6 .7kgS/ha was removed. S im i l a r  amounts o f  s o i l  
supp l ied  sulphur were removed a t  Blackaddermount in  1 978 
(1 8 .IqkgS/ha) . A t  B ogh a l l  l e s s  r e l i a n c e  was p la c ed  on 
s o i l  supp l ied  sulphur a l though  a g a in  the s o i l  was a net 
sulphur c o n t r ib u t e r  o f  8.2kgS/ha in  1 979 and 7 . 9kgS/ha 
in  1 980. S o i l  a n a ly s i s  in d i c a t e d  that  sulphur a p p l i e d  
in  the sp r ing  had been l o s t  from the t o p s o i l  b e fo r e  the 
f o l l o w i n g  sp r ing  ( l o s s e s  are  due to p la n t  uptake and 
l e a c h i n g ) . The f i e l d  exper iments f i r m l y  e s t a b l i s h e d  the
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s i g n i f i c a n c e  o f  s o i l  d e r iv ed  sulphur in d i c a t in g  the 
importance o f  subsequent l a b o r a t o r y  s tu d ie s  aimed at  
examining the m in e r a l i s a t i o n  p roce ss  and the l a b i l e  
forms o f  s o i l  o rgan ic  sulphur. A ls o  w h i l s t  the  f i e l d  
exper iments  gave no y i e l d  response  to  added sulphur,  
the m arg ina l  s u f f i c i e n c y  found w i l l  need r e g u la r  
m onitor ing  in  the fu tu r e ,  s ince  s u f f i c i e n c y  can on ly  
cont inue  i f  the s o i l  ma in ta ins  these  r a t e s  o f  sulphur 
supp ly .
The f i r s t  pot exper iment used s o i l  from the  f i e l d  
exper iments  at Dykegatehead and Blackaddermount. In  
the pot, y i e l d  responses to added sulphur were observed 
even where amounts o f  su lphur,  e q u iv a le n t  to  that  
su pp l ied  by the atmosphere in  the  f i e l d ,  were added.
Th is  i l l u s t r a t e d  the d i s p a r i t y  between f i e l d  and po t  
exper im en ts .  Y i e l d  responses  o f  up to  36 p e r c en t  were 
ob ta in ed  from  added su lphur.  S ince sulphur d e f i c i e n t  
herbage was ob ta ined  i t  a l low ed  va r io u s  sulphur s ta tus  
measurements to  be compared. T o t a l  p l a n t  sulphur gave 
a poor i n d i c a t i o n  o f  e i t h e r  sulphur s u f f i c i e n c y  or 
sulphur d e f i c i e n c y . ,  E x t r a c t a b l e  p lan t  su lpha te  
e x h ib i t e d  an improved r e l a t i o n s h i p  w ith  y i e l d  response 
and i t  was found that herbage c o n ta in in g  l e s s  than 
600yigS/g D.M. was l i k e l y  to respond to added sulphur,, 
However the best  i n d i c a t o r  o f  sulphur s ta tus  was the 
e x t r a c t a b l e  p la n t  sulphate expressed as a p e r c en ta g e  o f  
the t o t a l  sulphur (where t h i s  v a lu e  f e l l  be low 30 p e rcen t  
a response to added sulphur was l i k e l y ) .  Added sulphur
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a g a in ,  d id  not in c rea se  c o n c e n t r a t i o n s  o f  K j e l d a h l -  
n i t r o g e n  and on ly  where p lan t  su lpha te  l e v e l s  f e l l  to 
50p.gS/g D.M. was the re  a s i g n i f i c a n t  in c rea se  in  n i t r a t e  
c o n c e n t r a t i o n .  I t  was a l s o  found that  added n i t r o g e n  
reduced the c o n c e n t r a t io n  o f  sulphur in  the h erbage .
The second po t  exper iment showed y i e l d  responses  
to added sulphur f o r  seven  o f  the n ine S c o t t i s h  s o i l s  
i n v e s t i g a t e d .  The e x t r a c t a d l e  s o i l  su lphate  data 
c o r r e l a t e d  w i th  y i e l d  responses a t  both  cut 1 and cut 2 
and t h e r e f o r e  p rov id ed  a good i n d i c a t i o n  o f  s o i l  sulphur 
s t a tu s »  Aga in  e x t r a c t a b l e  p la n t  su lphate  and the 
e x t r a c t a d l e  p la n t  su lphate  expressed  as a p e rcen tage  o f  
the  t o t a l  p la n t  sulphur both  proved good measures o f  
su lphur s ta tu s .  The amounts o f  sulphur m in e r a l i s e d  by 
each s o i l  dur ing  the  growth p e r iod  were c a l c u la t e d  but 
d id  not c o n v in c in g ly  c o r r e l a t e  w i th  s o i l  chemical 
p a ra m e te r s .
I n i t i a l l y  s o i l  su lphate  m in e r a l i s a t i o n  was s tud ied  
using in c u b a t io n  techn iques .  A l l  the s o i l s  examined 
showed an i n i t i a l  f lu s h  o f  m in e ra l i s ed  su lphate  a f t e r  
which an e q u i l i b r iu m  was o f t e n  a t t a in e d  a f t e r  50 days 
in cu b a t io n .  This f lu s h  o f  su lphate is  p robab ly  due to  
the B i r c h  e f f e c t  o f t e n  n o t i c e d  w i th  a i r  d r i e d  s o i l s .
Added g lu c o s e -c a rb o n  depressed the amount o f  net  
m i n e r a l i s a t i o n  in a l l  f i v e  s o i l s  examined and w i th  the  
Whitsome s o i l  net im m o b i l i s a t io n  o f  sulphur was obse rved .  
In c r ea sed  temperature (5°C 30°C) in c reased  the r a t e
o f  ne t  sulphur m in e r a l i s a t i o n  in  a l l  f i v e  s o i l s .
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However i t  was n o t ic ed  tha t  a l l  s o i l s  m in e r a l i s e d  some 
sulphur a t  5°C. No e f f e c t  o f  added n i t r o g e n  or 
sulphur ( o r  v a r io u s  combinations o f  these n u t r i e n t s )  on 
net  sulphur m in e r a l i s a t i o n  was observed .  T h e r e f o r e  
fu tu r e  exper iments  should examine the e f f e c t s  o f  
combinat ions o f  added carbon, n i t r o g e n  and sulphur s in ce  
net  sulphur m in e r a l i s a t i o n  p ro b a b ly  depends on the  
r e l a t i v e  a v a i l a b i l i t y  o f  a l l  th ree  n u t r i e n t s 0 Us ing  a 
l a r g e  sample o f  f o r t y  s o i l s  i t  was found tha t  t o t a l  s o i l  
sulphur and e x t r a c t a d l e  s o i l  su lphate  p rov id ed  the bes t  
i n d i c a t o r  o f  the a b i l i t y  o f  a s o i l  to m in e r a l i s e  su lph u r „ 
The s o i l  carbon: sulphur r a t i o  was n o t i c e a b l y  poor  f o r  
p r e d i c t i n g  amounts o f  m in e r a l i s e d  su lphur0
Sulphur-35 s tu d ie s  were c a r r i e d  out to  examine the 
f a t e  o f  in co rp o ra ted  sulphur and determ ine  the  r e l a t i v e  
r a t e s  o f  sulphur m in e r a l i s a t i o n  and im m ob i l isa t ion , ,  
G lu cose -ca rbon ,  added to Whitsome s o i l , increased  the 
in c o r p o r a t i o n  o f  o r i g i n a l l y  added sulphur-35 from 28 to  
1+9 p e r c e n t  (d u r in g  a 75 day in cu b a t io n  p e r i o d ) .  I s o t o p i c  
assay  in d ic a t e d  tha t  no sulphur had been l o s t  from the 
system during in cu ba t ion  e . g o ,  by v o l a t i l i s a t i o n , ,  A 
s i m i l a r  amount o f  sulphur-35 in c o r p o ra t i o n  was observed  
f o r  the S t i r l i n g  s e r i e s  s o i l  (1+5 p e r c e n t )  but most o f  
t h i s  in c o r p o r a t i o n  had occurred dur ing  the f i r s t  10 days 
o f  in cu b a t ion  (35 p e r c e n t ) „ For  the Whitsome s o i l  most 
o f  the in co rp o ra ted  sulphur-35 was r e c o v e r e d  from the H I -  
r e d u c ib l e  o rgan ic  sulphur (8^  p e r c e n t )  a l though  added 
g lu c o s e - c a rb o n  in c reased  the p r o p o r t i o n  o f  l a b e l
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r e c o v e r e d  from the carbon-bonded su lphur-  A s im i l a r  
p a r t i t i o n i n g  o f  the sulphur-35 between the carbon -  
bonded and H I - r e d u c ib l e  sulphur forms was found f o r  the 
S t i r l i n g  s o i l .  Fo r  the S t i r l i n g  s o i l  the H I- r e d u c i b l e  
sulphur e q u i l i b r a t e d  w ith  the  sulpnur-35 more q u i c k l y  
than d id  the  carbon-bonded sulphur i n d i c a t i n g  the 
t r a n s i e n t  nature o f  the H I - r e d u c ib l e  forms and the 
r e s e r v e  nature  o f  the carbon-bonded su lphur.  The 
s p e c i f i c  a c t i v i t y  o f  the e x t r a c t a d l e  s o i l  su lpha te  f e l l  
w i th  both s o i l s  and in d ica ted  m in e r a l i s a t i o n  o f  
ind igenous su lphur-32 .  Th is  f a l l  in  s p e c i f i c  a c t i v i t y  
was in c reased  by the a d d i t i o n  o f  g lu co se -c a rb o n  and 
t h e r e f o r e  caused a g r e a t e r  tu rn ove r  o f  o r g a n ic  su lphur.
The use o f  sulphur-35 a l low ed  approximate c a l c u l a t i o n  o f  
the total amounts o f  sulphur m in e r a l i s e d  and im m obi l ised  in  
each s o i l  and showed that ne t  m in e r a l i s a t i o n  o f  su lphur -32 
was not r e l a t e d  to  gross  sulphur m in e r a l i s a t i o n .  For  
example the Whitsome s o i l  w i thout  added g lu c o s e -c a rb o n  
gave a net m i n e r a l i s a t i o n  o f  3yigS/g s o i l  and gross  
m i n e r a l i s a t i o n  o f  8.6jigS/g s o i l  whereas when g lu cose  
carbon was added net and gross  m i n e r a l i s a t i o n  were 
1 pgS/g s o i l  and i0 .8 j ig5/g  s o i l  r e s p e c t i v e l y .  The same 
phenomenon was a ls o  observed f o r  the S t i r l i n g  s o i l .
These s tu d ie s  a l s o  showed th a t  o n ly  a small  f r a c t i o n  o f  
the  t o t a l  s o i l  sulphur was a c t i v e l y  undergoing 
t rans fo rm at iono
T h e  H I - r e d u c i b l e  f o r m s  c o n s i s t e n t l y  showed t h e  m o s t  
t r a n s f o r m a t i o n a l  a c t i v i t y .  R e - i n c u b a t i o n  o f  t h e
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s u l p h u r - 3 5  l a b e l l e d  s o i l  c l e a r l y  showed t h a t  t h e  r e c e n t l y  
i n c o r p o r a t e d  s u l p h u r  was p a r t i c u l a r l y  s u s c e p t a b l e  t o  
m i n e r a l i s a t i o n .  T h i s  o b s e r v a t i o n  p r o v i d e s  a means o f  
e v a l u a t i n g  e x t r a c t i n g  s o l u t i o n s  f o r  t h e i r  a b i l i t y  t o  
e x t r a c t  l a b i l e  s o i l  s u l p h u r .  T h i s  w ork  a l s o  
d e m o n s t r a t e d  t h a t  t h e  r e c e n t l y  i n c o r p o r a t e d  s u l p h u r  was 
more s u s c e p t a b l e  t o  b r e a k d o w n  t o  s u l p h a t e  on a i r  d r y i n g .
S o i l  o r g a n i c  s u l p h u r  was e x t r a c t e d  and s e p a r a t e d  
a c c o r d i n g  t o  m o l e c u l a r  w e i g h t  i n  o r d e r  t o  more  f u l l y  
u n d e r s t a n d  t h e  c h e m i c a l  fo r m s  and n a t u r e  o f  s o i l  s u l p h u r „ 
An e x t r a c t i o n  p r o c e d u r e ,  b a s e d  on a c e t y l a c e t o n e  and 
u l t r a s o n i c  d i s i n t e g r a t i o n ,  was  f o u n d  t o  e x t r a c t  
r e a s o n a b l y  l a r g e  am oun ts  o f  o r g a n i c  s u l p h u r  ( 5 8 - 6 9  
p e r c e n t  o f  t h e  t o t a l  s o i l  s u l p h u r )  i n  a r e l a t i v e l y  
u n a l t e r e d  f o r m .  A g e l  p e r m e a t i o n  c h r o m a t o g r a p h i c  
t e c h n i q u e  was d e v e l o p e d  f o r  use  w i t h  s o i l  s u l p h u r  
e x t r a c t s .  T h e  e f f e c t  o f  l o n g  t e r m  c u l t i v a t i o n  on th e  
m o l e c u l a r  w e i g h t  and c h e m i c a l  d i s t r i b u t i o n  o f  s o i l  
o r g a n i c  s u l p h u r  was e x a m i n e d .  C u l t i v a t i o n  i n c r e a s e d  t h e  
s u l p h u r  c o n c e n t r a t i o n s  i n  t h e  humic a c i d  < 200,000 
m o l e c u l a r  w e i g h t  f r a c t i o n ,  f o r  b o t h  s o i l s  i n v e s t i g a t e d ,  
i n d i c a t i n g  t h a t  s u l p h u r  was more  r e s i s t a n t  t o  
m i n e r a l i s a t i o n  t h a n  c a r b o n  and n i t r o g e n .  The l o s s  o f  
s u l p h u r  f r o m  t h e  m o l e c u l a r  w e i g h t  f r a c t i o n s  o f  b o t h  
s o i l s  showed no c o n s i s t e n t  p a t t e r n .  The m a j o r i t y  o f  
t h e  s u l p h u r  > 200,000 m o l e c u l a r  w e i g h t  was H l - r e d u c i b l e  
a s  was t h e  f u l v i c  a c i d  s u l p h u r  < 2 0 0 ,0 0 0 .  The  h i g h
p r o p o r t i o n  o f  H l - r e d u c i b l e  s u l p h u r  i n  t h e  "> 200,000
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m o le c u la r -w e ig h t  f r a c t i o n  i s  due to  h igh  m o lecu la r  
w e igh t  sulphur c o n ta in in g  compounds ( e . g .  su lphated  
p o l y s a c c h a r id e s )  or  low e r  m o lecu la r  w e igh t  compounds 
i n t im a t e l y  a s s o c ia t e d  w i th  f i n e  c l a y  ( s i m i l a r  s tu d ie s  
in c o r p o r a t in g  the use o f  an o rgan ic  s o i l  tend to f a vo u r  
the former e x p la n a t i o n ) .  A S t i r l i n g  s o i l ,  f r a c t i o n a t e d  
p u r e l y  on a m olecu la r  w e igh t  b a s is ,  a ga in  showed that  
the p r o p o r t i o n  o f  H l - r e d u c ib l e  sulphur inc reased  w ith  
in c r e a s e  in  m olecu la r  w e ig h t .  Sulphur-35 l a b e l l e d  
o rg a n ic  sulphur was separa ted  a c co rd in g  to  molecu lar  
w e igh t  and r e c e n t l y  in co rpo ra ted  sulphur was found in  
o rga n ic  m o lecu les  o f  a l l  m o lecu la r  w e igh ts  w i th in  the
r
range 10 ,000 -10 ° »
Future work should cont inue  to assess  the sulphur 
s ta tu s  o f  Southern Scot land  s in ce  trends in  a g r i c u l t u r a l  
p r a c t i s e  and the d e s i r e  f o r  a p o l l u t i o n - f r e e  atmosphere 
w i l l  soon outdate  work r e p o r ted  here .  In cu b a t ion  
exper iments  i n v o l v in g  the assessment o f  va r iou s  
p r o p o r t io n s  o f  carbon, n i t r o g e n  and sulphur on net 
sulphur m i n e r a l i s a t i o n  would complement f i n d in g s  r e p o r t e d  
above.  A ls o  a more d e t a i l e d  chemical i n v e s t i g a t i o n  o f  
the va r io u s  s o i l  sulphur m o lecu la r  we igh t  f r a c t i o n s  could 
p rove  most i l l u m in a t in g .  The sulphur-35 study a l s o  
enables the development o f  an e x t r a c t i o n  procedure  b e t t e r  
ab le  to  a sses s  the long  term sulphur supp ly ing  power o f  
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A sw e  7- -A La- r  &b>\ .
The comparison o f  a chemical  o x i d a t i o n  and an X -ray  
f lu o r e s c e n c e  method used to determ ine t o t a l  sulphur in  
s o i l s .
E i g h t y - f o u r  s o i l s  were randomly s e l e c t e d  f o r  the 
comparison. D e t a i l s  o f  the  s o i l s  can be found in r e c e n t  
work by K. Chaney (1 978).  The chemical and X .P .P .  
methods employed, a re  d e s c r ib e d  p r e v i o u s l y  in  s e c t i o n s  
3 . 2 . 2.1 and 3 . 2 . 2.2  r e s p e c t i v e l y .
APPENDIX I .
So i l X .R .P .  (]igS/ g s o i l )
Chemical Oxida 
(pgS/g s o i l












Ba (O .P . ) 295
+ 5 290
+ 0
Ba (N .B . ) L.69
+
7 515 - 0
Bpp 832
+ 0 788 + 2
Sa 785
T 2 82 3 0
Spp 63k + ¿i 615 5
Pa 3k 2
-i-























+ 1 k 505 + 15
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So i l X .R .F .  (pgS/ g s o i l ) Chemical
(pgs/g
Oxias 
; so i l
Sax 233
+
3 280 + 10
Pos 245
+ 8 2 75 + 5
1/VINTON SOILS
wi
382 + 1 363 + 2




364 + 0 392 + 8
Wl*
668 + 1 650
+ 0
Wss 152 + 2 1 50 + 0
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+ 20
BU 364
+ 0 368 + 7
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+ 0 470 + 5
CAP (1 ) 315
+ 0 290 + 5
CAP (2 ) 296
+ 0 31 8 + 2
ESSEX SOILS
P 1















P  ̂ ( s . S o ) 356 ± 2
k 3w 588 ± 3
K3A 3b3 ± 8
298 t 0




BRA I 98 - 2
brg
Ul3 1 3
wha 200 - 3
WHg 511 - 2




DEa 762 ± 2
DSg 921 ± 1
HUMBIE SOILS
h l 6 3b0 - 7
h l 7 2 63 1 b
h l 8 353 1 5
HH b33 ± 5
L 1
311 1 1
L 0 277 - b
L 5
307 ¿ 0
WHg 2Ö1 ± 5
11
¿+00 -  
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0
Chemical O x id a t io n
(pgS/g s o i l
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S o i l  X .R .F .  (ugS/g s o i l )  Chemical O x id a t i o




+ 0 235 ± 5
356 + 4 343 4 2
WLy 453 + 3 445 4 5
BAL. 
1 440
+ 8 413 4 7
WM 2 331 Hr 1 300 4 1
y/b ^ UOi + 4 388 4 2
DEVON SOILS
A1 7 65






+ 0 540 -  5
A 5 624
+ 8 628 4 7
k rO 61 2
+
5 633 4 2
320 + 1 540 4 5
C1 443
+ 3 445 4 5
C3
1 028 + 4 1113 4 12
V 525
+
1 583 4 2
C5 393







D3 474 3 463 4 7
An a n a l y s i s  o f the data g i v e r l above f o r CQ
rl*HOra-stco showi
th a t  there  was no d i f f e r e n c e between the two metriods ,
even a t  the 0.001 s i g n i f i c a n c e  l e v e l .  Other workers have 
a l s o  r ep o r ted  a s im i l a r  good agreement between v a lu e s  
ob ta ined  by the two d i f f e r e n t  methods (E e r g s e th  and 
K r i s t i a n s e n ,  1 978) •
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The comparison o f  a chemica l  o x id a t i o n  and an X -ray  
f lu o r e s c e n c e  method used to determ ine  t o t a l  sulphur in 
p la n t  m a t e r i a l .
A random sample o f  44 herbage samples were ana lysed  
f o r  t o t a l  sulphur by the chemica l  o x id a t i o n  and X .P .P .  
methods. The samples v/ere taken from the f i e l d  t r i a l s  
a t  B o g h a l l j  C r i c h to n  and Woodhead.
■o-i .u -i - v n - n / ' o / ' - n i i T  Chemical O x id a t io nP la n t  sample X .R .F .  ( gS/,oo^).M.) ( gS/( D.M. )
BOGHALL CUT 1 1 979
B2 0.240 0.227
B3 0.250 0.21 9
B4 0.1 79 0.1 60
B8 0.201 O.168
B9 0.243 0.204
331 0 0.258 0.227
B1 1 0.271 0.223
B1 2 0.274 0.21 7
B13 0.255 0.207
B i 5 0 .164  0.136





C3 0.295 0.21 9
C4 0.1 89 0 . 1 34
C8 0.165  O.118
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APPENDIX I I
P l a n t  sam p le X » R. P . ( gS/íoo^D. M #) C h e m i c a l  O x i d a t i o n  ( gS/ioc^p • M •)
WOODHEAD CUT 1
W1 0 o 223 O.i 50
W 2 0o2i 9 0 =i 58
W 3 0.26i 0=1 95
W4 0.264 0.1 9i
W5 ' 0.279 0 = 21 7
Wo 0 o 225 0 = 1 70
BOGHALL CUT 2 1 979
B1 0o3i 8 0 = 255
B2 0 = 343 0.273
B3 0 = 364 0 = 305
B4 0.302 0 = 246
B5 0 «3i 2 0.243
Bo 0.269 0.201
B7 0 o 228 0.203
B8 0 = 269 0 = 203
39 0 = 334 0 = 257
B1 0 0 o388 0.288
B11 0 o382 0 = 290
Bi 2 0=383 0.31 0
Bi 3 0.273 0 = 2i 0
B l4 0 = 262 0 = 1 91
Bi 3 0.258 0 = 201
B1 6 0 = 352 0.2  53
Bi 7 0.29i 0 = 2i 6
Bi 8 0 = 334 0 = 248





The above t a b l e  c l e a r l y  showed that  the two methods 
d id  not determine s im i la r  amounts o f  t o t a l  su lphur0 The 
chemical o x i d a t i o n  method g i v e s  c o n s i s t e n t l y  lo w e r  v a lu es  
than the X .R .F .  method (a  s i g n i f i c a n t  d i f f e r e n c e  between 
methods was found a t  the 5fo s i g n i f i c a n c e  l e v e l )  . S ince  
the X .R .F .  method has compared f a v o u r a b ly  w i th  o ther  
methods o f  de te rm in ing  t o t a l  sulphur (Evans, 1 970) one 
must assume tha t  the chemical method underes t im ated  t o t a l  
sulphur in p la n t  m a t e r i a l .  Th is  is  p robab ly  due to  l o s s  
o f  v o l a t i l e  sulphur compounds dur ing  combustion o r  
incom plete  o x i d a t i o n  o f  o rgan ic  sulphur to su lpha te »  
P l o t t i n g  o f  th e  X .R .F .  and chemica l  o x i d a t i o n  r e s u l t s  
g i v e s  a good s t r a i g h t  l i n e  which can be d e s c r ib e d  b y : -
XRF va lu e  (gS/lOOg D.M.) = O.O569 + 1 .0 i3°1 x
Chemical o x id a t i o n  
v a lu e  (gS/lOOg D.M.)
Th is  equat ion  could be used to  conver t  c h e m ic a l l y  
determined t o t a l  sulphur va lu es  to  amounts which would be 
determined by X .R .F .  methods. However the con f id en ce  
i n t e r v a l  o f  the p r e d ic t e d  v a lu e  ( i  0 . 075gS/l OOg D.M.)  i s  
too  g r e a t  to  a c c u ra t e l y  con v e r t  chemical v a lu e s .  Due 
to the inaccuracy  o f  the chemica l  method when used to 
ana lyse  p la n t  m a te r ia l  i t  was on ly  used in Po t  Exper iment I  
( s e c t i o n  L.3o1 ) where i n s u f f i c i e n t  sample was a v a i l a b l e  
to use the X .R .F .  method.
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INTRODUCTION
Sulphur deficiency in agricultural crops has never been 
rega rded as a significant problem in Great Britain. 
However, a few years ago it was considered that the 
widespread use of S-free fertilisers and the introduction 
of Clean Air Acts together with increased crop yields 
indicated that a reappraisal of the situation was worth­
while. In southeast Scotland atmospheric SO- levels are 
considerably lower than in most other regions of Britain 
(.lunge, 19721 and the e o i k  en t i a t t on of S in precipitation 
is also relatively low (Stevenson, 1968). Sulphur 
deficiency therefore would most likely arise in such an 
area.
This paper describes some of the studies carried out in 
southeast Scotland since I*>72 to examine the potential 
problem. The emphasis of the work is on the overall 
balance of S in the soil/plant system and the influence 
of added S on this balance. Inputs to and losses of S 
from the system arc monitored anil the effects of additions 
of S fertiliser on plant yield and composition and on soil
i 1 0
S status are assessed.
EXPERIMENTAL
Sulphur survey 1972-3
Soils were sampled from normal commercial farms throughout 
southeast Scotland and analysed for extractable sulphate.
At many of the sites grass herbage samples were also taken 
and analysed for total S.
Field trials 1975
Three sites in intensive grass fields on farms in 
Berwickshire were selected. At each site four plots 
10 m x 10 m were marked out, two were treated in April 
with calcium sulphate, the other two were left untreated 
as controls. The calcium sulphate treatment was equivalent 
to adding 20 ppm S to the top soil. N, P and K fertilisation 
and harvesting of the grass was carried out as normal by 
the farmers concerned. Herbage samples were taken at 
about monthly intervals and analysed for S and N.
Field trials 1977
In 1976 two farm sites were obtained for experimental work 
in Berwickshire and were sown out to Italian Ryegrass (RvP) 
with the intention of establishing a uniform sward before 
starting trials in Spring 1977. At this time (early April) 
eight plots (8 m x 2 m) were marked out at each site and 
received the following S treatments added as calcium 
sulphate 0 (2 plots), 2, 4, 8, 16, 32 and 64 ppm S added 
to the top soil; 120 kg N/ha was added to all plots as a 
commercial compound grass fertiliser. During the growing 
season five cuts of grass were taken and yields recorded. 
After each of the first two cuts a further 100 kg N/ha 
was added to all plots and 60 kg N/ha after the third cut. 
Samples of grass were taken for analysis at each cut and 
soil samples taken after the first and last cuts.
Rainfall was collected at both sites and analysed'for S 
and at one site an automated air sampler was installed to
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Analyt ical
Soil sulphate was extracted by the method of Ensminger 
(I9S4) using a KH^PO^ solution containing 500 mg P/1- 
Sulphur in the extract was determined originally by reduction 
to hydrogen sulphide and titration with mercuric acetate 
using dithizone as indicator (Archer, 1956); more recently 
an automated turbidimetric method has been used (Sinclair, 
1966) .
Sulphate in rainwater samples, and in peroxide solutions 
formed by the absorption of SO, in the air sampler, was 
analysed by an automated thorin method (Persson, 1966).
Total S in herbage samples was analysed by X-ray 
fluorescence (Evans, 1970). Crude protein N in herbage 
samples was determined by the Kjeldahl method.
Nitrate-N and sulphate-S in herbage samples were extracted 
with cold distilled water, the nitrate was determined 
using an automated colorimetric method (Henriksen and 
Selmer-Olsen, 1970) and the sulphate using an automated 
turbidimetric method (Sinclair, 1966).
RESULTS AND DISCUSSION
The results of the soil S survey carried out in 1972-3 
have been reported in detail (McLaren, 1975). However, 
several points resulting from the survey are relevant to 
this paper. Fig. I shows the range of extractable sulphate- 
S contents found in the survey soils. A large proportion 
of samples contained less than 12 mg sulphate-S/kg soil, 
and in Berwickshire 70°» of all samples examined fell into 
this class.
12 mg sulphate-S/kg soil in the top soil represents 
about one year's uptake by a S-demanding crop such as 
intensively grown grass. Hence the sulphate pool in the 
soil must be continuously replenished to meet the annual S
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Fig. 1: Extractable sulphate in soils from S.E. Scotland
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Fig. 2: Sulphur content of herbage in S.E. Scotland
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requirements of crops. There would appear at present to 
he only two main replenishing sources, (ignoring at present 
the possible use of farmyard manure); (I) release of
sulphate by mineralisation of soil organic matter and 
(1) deposition of S from the atmosphere (wet and dry 
deposition). The atmospheric component can, of course, also 
supply S direct to the plant.
The results of the S survey carried out in intensive 
grass crops suggests that at some sites in southeast 
Scotland these sources are, at best, barely coping with 
crop demand. Fig- 2 shows the range of total S contents 
found in the survey crops. Several samples contained less 
than 0.2s» S, a level often regarded as critical for 
optimum S nutrition of grass and some contain less than 
0.18» S. Conserving these crops for animal food could 
produce diets with sub-optimum S levels.
On the basis of the survey it was decided to investigate 
further the S balance for intensive grass crops in southeast 
Scotland. Although glasshouse experiments on soils collected 
in the area had shown large yield responses to added S 
(McLaren, 1975) it was considered unlikely that such 
responses would be obtained in the field. However, further 
glasshouse studies (unpublished) suggested that even if 
yield responses were unlikely, additions of S in the field 
might well improve the S status and possibly also the N 
status of the grass crop.
In 1975 a simple trial was laid down at three sites in 
Berwickshire to compare the effect of adding S to the soil 
on the S and N content of intensively grown grass.
Table I shows the total S content of the grass at the three 
sites. Although there were differences in response between 
sites the sulphur added as calcium sulphate significantly 
increased the S content of grass at all three sites. At 
site A a considerable improvement in S content was achieved 
especially at the time when the main silage cut was taken;
S content of the control was 0.191 and of the treated plots
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O.-.o. However, at site B the response was much smaller 
and at the time of cutting both control and treated plots 
were below the optimum S level, (0.11 and 0.141 respectively).
TABLE I: Sulphur content of grass at 1975 trial sites
S ampling 
date
Site A Site B Site C
Control + S Control + S Control + S
30-4 0.29 0.43 0. 26 0. 34 0.34 0.39
14-5 0.25 0.35 0. 22 0.28 0.32 0.35
28-5 0.19 0.27 0. IS 0.18 0. 22 0.28
11-6 s ilage cut 0.13 0.15 0.19 0.21
25-6 0.27 0. 34 0. II 0.14 s ilage cut
9-7 0.18 0. 20 hay cut 0.21 0.26
23-7 0.20 0.24 0.22 0.26
The N content of the grass (crude protein-N) increased 
significantly at sites A and B as a result of the S 
treatment (Fig. 3). At site B at the time of cutting the 
increase in crude protein-N was as much as 21% and at 
site A at the silage cut 13$.
Such increases in S and N content represented a considerable 
potential improvement in the nutritional quality of the 
grass, further field studies under more controlled conditions 
were planned. Details of the experimental design for 
1976-77 are given in the 'experimental' section. The main 
aims of this experiment were, firstly, to study the effect 
of increasing amounts of S on the growth and quality of 
intensively grown grass, and, secondly by monitoring S 
inputs and losses attempt to produce a S budget for the 
soil/crop system.
The results for total yield and S and N uptake over the 
whole season at site A are shown in Table 2. The S 
treatments had no effect on yield but significantly
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increased the amount of S taken up by the crop. At the 
first cut, which accounts for nearly SO°s of the total 
yield, the highest S treatments considerably improved 
the S concentration in the grass (Fig. 4) . The control 
and the two lowest S treatments were well within the 
critical range for both plant and animal nutrition 
(0.15-0.16% S) , whereas the S content of the highest 
treatment was increased to 0.275» S.
S i t e  A  1st  c u t  1 9 7 7
m g  S  a p p l i e d  a s  C a S 0 4  2 H 20  p er  k g  t o p  s o i l
Fig. 4: Effect of sulphur treatment on sulphur contem of
grass
Sulphate and nitrate levels in the herbage showed that 
sulphate-S increased with S treatment (Table 2). Indeed 
much of the increase in total plant S could be accounted 
for by this fraction. However, no consistent relationship 
was observed between nitrate and sulphate levels in the 
plants. There was no evidence for nitrate accumulation in 
the low S treatments and it did not appear that lack of 
sulphur was limiting nitrate utilisation. Even so, there
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there was a suggestion of an increase in crude protein-N 
at the highest rate of S addition (Table 2). It was not 
possible to record yields at site B but trends in S 
and N concentrations in the grass were similar to those 
found in site A.
Observations on the total S budget at site A proved 
interesting. It was discovered that the compound 
fertiliser used for the NPK treatment did, in fact, 
contain a small percentage (less than I°s) of S which, 
at the high rate of fertiliser application contributed 
a significant amount of S to the overall budget. This might 
explain the poor yield response to the S treatments 
found in this experiment. However, even with this un­
intended addition of S, the grass on the control plots 
appeared to obtain 35$ of its S from non-fertiliser or 
atmospheric sources (Table 3). Since extractable sulphate 
levels in the soil had not decreased significantly during 
the growing season this S must have been provided by the 
mineralisation of soil organic matter. The total S content 
of this soil is approximately 1280 kg S/ha of top soil, thus 
mineralisation of II.5 kg S/ha represents less than 1$ of the 
total, which appears quite feasible.
TABLE 3: Sulphur budget for grass crop at site A (April-
September 1977) (kg S/ha)
Crop
removal





S in dry 
depos ition
Balance
3 3.3 10 S.5 6.3* 11. 5 deficit
38.2 15 5 . 5 6. 3 11.4 deficit
35 . S 20 5.5 6. 3 4.0 deficit
39.4 30 5.5 6.3 2 . 4 excess
40. 7 50 5.5 6.3 21.1 excess
45.3 90 5. 5 6.3 56. 5 excess
52 . 7 170 5. 5 6.3 129.1 excess
’Calculated on basis of mean S02 level of 10 ug/m^ deposition 
velocity 0.8 cm/sec
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With the three highest S treatments the S inputs were 
far in excess of the S removed in the crop. Analysis of 
soils from the plots sampled at the end of the growing 
season showed considerable amounts of sulphate still 
present (Fig. 5). However, Fig. 5 also shows that most 
of this sulphate disappeared from the soil during the 
winter, probably through leaching, since little was likely 
to be incorporated into the soil organic matter during 
the winter. Indeed results from another experiment in 
which large amounts of S were applied to the soil every 
year for 20 years showed no significant accumulation of S 
in the soil from S additions alone (McLaren, 1976).
Increased levels were found only where organic matter 
values had been raised as a result of N additions. Under 
these conditions immobilisation of S and improvement of 
the soil S status could occur.
It seems unlikely that much S deposited on the soil 
during winter by dry and wet deposition or remaining from 
fertiliser treatment will remain in the soil for crops 
the following season. Hence it seems sensible to confine 
S budget calculations to S inputs that arrive during the 
growing season.
CONCLUSIONS
These studies suggest that supplies of S for intensively 
grown grass in some areas of southeast Scotland are at best 
marginal. Although yield responses to added S have not 
been obtained in the field, some improvements in the 
nutritional quality of the grass crop have been observed.
The overall agricultural significance of such improvements 
requires further study.
Any attempt to assess the present or future S nutrition of 
crops requires a detailed knowledge of the overall S 
budget in any particular situation. The contribution of 
atmospheric sources of S to crop nutrition can be fairly 
readily measured, however, the possible contribution of 




Fig. 5; Soil sulphate-S levels in experimental plots, 1977-78
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Extensive mineralisation of S is known to take place in 
arable soils in the long-term (McLaren and Swift, 1977) 
but the importance of short-term mineralisation and 
immobilisation of S is far from clear. The results of the 
S balance described above suggest that mineralisation of 
organic S may play an important part in helping to maintain 
the S nutrition of a crop where atmospheric inputs are 
low. The important question perhaps is whether organic 
supplies of S are being continuously run down or whether 
some significant replenishment of organic supplies takes 
place side by side with mineralisation.
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DISCUSSION
Dr. L.H.P. Jones, England
I have two questions. First, do you have figures for C,
N and S in the organic fraction of the soils used in your 
field experiments ? Second, what are the cropping 
histories of the soils ?
Dr. R.G. McLaren, Scotland
The C, N and S contents of the soils from the sites in the
1977 field experiments are :
Site A 2 . 21% C 0.21s N 512 ppm S
Site B 1.98% C 0.19% N 408 ppm S
Both sites are on predominantly arable farms where fields
are periodically put down to intensive grass for 2-3 year 
breaks. Both sites were relatively near to the steadings 
and have probably received a considerable amount of
farmyard manure over the years. The application of manure
plus the fact that organic S mineralises more slowly than 
N and C (Swift, 1977, McLaren and Swift, 1977) could well 
account for the relatively low C:S and N:S ratios in these 
soils .
Swift, R.S., 1977. Mineralisation of N and S from soil 
organic matter: a comparison of pasture and arable soils.
Int. Symp. on Soil Organic Matter Studies, Brunswick, 
Germany. Vol. I., 275-281, IAEA, Vienna.
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Dr. R.G. Me Lai-"!.
Ex tractable sulphate was in fact monitored in these »..Is 
into April and May and showed no '.".crease in levels o.er 
those observed in the winter months.
IVe consider that the sulphate has beer; 1 etched out oi to.-
sulphate were added to a sc 1 1 each year for more than _0 
•...Mrs and vet there was no build up of sulphite, or organic 
S ,n the soil. In addition, very little or the added 
sulphate was removed by cite crop I grass] each year iMcLaren
[ U ~ ¡’ ) .
Me I. iron , r 0 ‘ 0 . : fleet ef fertilizers on the sulphur 
content of herbage. .Journal of the British Grassland 
Society, 31, ‘’9-105.
